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ABSTRACT 
The aims of this study were to increase understanding of the relationships of food 
intake with metabolic rate (heat output) and body composition by examining the 
bases of differences in food utilization between selected lines of mice. Selection 
had been practised high and low for: 4 to 6 week food intake corrected for 4 
week body weight (or appetite, A lines); fat content (F lines); total lean mass (or 
protein, P lines); and 8 to 10 week food intake corrected for mean body weight at 
8 and 10 weeks (or maintenance, M lines). 
A 'cafeteria' type feeding was used to increase energy intake in all lines. 
This resulted in increased weight gain in all lines. The highest weight gain in 
proportion to body weight and in fat deposition was, however, observed in mice 
selected for increase in fat content. Mice selected for increase in lean growth rate 
had the highest absolute increase in growth and highest food intake, but had the 
lowest food intake and heat output in relation to body weight. Increased levels of 
energy intake had the least effect on growth in mice selected for increase in food 
intake in relation to body weight. 
Restricted feeding in the F lines, i.e. by feeding mice according to scale 
based on body weight, did not change the rank order of lines in fat content. The 
fat mice partitioned more food towards fat deposition than the lean mice on a 
comparable food intake. This add strength to the conclusion that the correlated 
response in food intake in the direction of selection during the period of fastest 
growth is not the primary cause of differences in fat content between these lines. 
Correlated responses in increased heat output and lean content in mice 
selected for increase in food intake in relation to body weight were found to be 
associated with increases in physical activity. The observations of increased 
absolute amounts of food intake and heat output in mice selected for increase in 
lean growth rate are consistent with the positive correlated responses in 
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metabolic rate and lean content in the direction of selection for food intake (in A 
and M lines). 
It was concluded that the close associations between food intake, 
metabolic rate and lean content suggest that selection in farm animals for faster 




Evidence relating animal fat (high in saturated lipids) with coronary heart diseases 
(Lewis 1988) and its high calory content with predisposition to obesity have led to 
consumer preference for lean meat. This in turn has focused the attention of 
animal breeders on traits relevant to improved lean meat production. Methods of 
approach have been wide and varied, but all have the common object of providing 
a production system that is economically efficient as well as turning Out a product 
acceptable to the consumer. 
The main variables determining lean meat production are growth rate, 
food conversion efficiency, carcass composition and the genetic constitution of 
the animal for lean growth; however, these are interdependent. The requirements 
for a successful production system would therefore be an appropriate combination 
of these, i.e. animals of high growth rate and food conversion efficiency which 
attain slaughter weight at reduced cost and convert more food energy into lean 
mass. These objectives can be realized through changing the genetic constitution 
(at present mainly through selection) or the environment (the most important 
being nutrition) of the animal. Both methods have a role to play and may interact 
(Emmans, 1987), so that animals of proven genetic potential may justify additional 
environmental inputs or may achieve the desired performance with less input. 
There has been extensive study of genetic variation and covariation of 
growth traits (body weight, body components such as lean and fat content), and 
food utilization efficiency in both farm and laboratory species, the latter used as 
models. These have recently been reviewed in sheep and cattle (Koch et at, 1982; 
Simm and Steane, 1988), pigs (Bereskin and Steele, 1986), poultry (Siegel and 
Dunnington, 1988), and laboratory mice and rats (Eisen, 1989). The general 
conclusion from these reviews is that there is moderate to high additive genetic 
variation (heritability being generally above 0.25) for growth traits in all the 
species. This implies that fairly rapid genetic improvement through selection is 
possible. However, the biological processes causing correlated responses in food 
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intake, carcass components and metabolic rate to selection for growth and its 
components (Sutherland et al, 1970; Pym and Nicholls, 1979; Sharp et al, 1984; 
Eisen 1987) remain obscure. Therefore, evaluating the genetic-physiological 
covariation of the various components of these growth traits is necessary. For 
example the origins of the differences in the quantitative, causal relationships and 
the genetic control of the components of energy metabolism associated with the 
partition of food energy need to be understood. The present study attempts to 
address this problem area. 
The laboratory mouse was employed for the studies. The mouse has a 
relatively high maintenance requirement, however, compared with farm animals. 
These metabolic differences should, therefore, be taken into account when 
exploiting the advantages of using laboratory species as models for studying 
genetic association among traits that are of commercial importance in farm 
animals and underlying biological factors controlling body composition (see 
Roberts, 1979; McCarthy, 1982a for review). In summary, laboratory animals are 
used because they have some basic physiological and biochemical traits in 
common with larger animals, have short generation interval, large litter size and 
are cheaper to maintain. The use of replication is therefore feasible than in large 
farm animals. The variance among replicates provides a better estimate of the 
variation in response due to random genetic drift variance (Hill, 1980). 
The present study is an extension of studies using mouse lines initiated 
by Sharp, Hill and Robertson (1984), from the same base population, to evaluate 
genetic variation in food intake, fatness and lean mass. These provided the 
means for evaluating correlated responses in metabolic, physiologic and 
biochemical components of these traits (Bishop and Hill, 1985; Tinch and Mckay, 
1987; Parker, 1988; Asante et al, 1989; Hastings and Hill, 1989b). The metabolic 
traits considered in the present study were those related to the partitioning of 
energy into maintenance and tissue growth. Experimental investigations on this 
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subject were undertaken by examining the various aspects of metabolism. A brief 
account of the contents of the thesis is given below. 
A review of available evidence for genetic and physiological relationships 
between aspects of growth and metabolism is presented in chapter 2 to provide a 
background information for the studies reported later. 
Genetic differences in utilizing food energy for lean and fat gain form the 
main subject of experiments reported in chapters 3 and 4. The first experiment 
(described in chapter 3) examined the effect of genotype on the partitioning of 
food energy in the different strains selected high or low for either food intake 
between 4 and 6 weeks of age, corrected for 4-week body weight (A), fat content 
at 10 weeks of age (F), total lean mass at 10 weeks of age (P) or food intake 
between 8 and 10 weeks of age corrected for mean weight at 8- and 10-weeks 
old (M). This was conducted by employing "cafeteria feeding" to increase energy 
intake. A study on the reciprocal effect of reduced food intake was undertaken in 
one set of the genotypes, the F lines to check if the observed differences in fat 
content were solely due to differences in food intake. The results of this study are 
reported in chapter 4. 
In chapters 5 and 6, experiments are reported which sought to increase 
the understanding of the causal relationships between food intake, metabolic rate 
and body composition. These were conducted by examining the primary causes of 
variation in metabolic rate: involuntary and voluntary activity, and metabolic rate 
related to increased food ingestion as these are likely causes of differences in 
food energy utilization in the strains divergently selected for food intake. 
The general results from the studies outlined above are discussed in 
chapter 7, and where appropriate, the information is used to draw conclusions on 
their application in larger species. 
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CHAPTER 2 
UTERATURE REVIEW:GENETIC AND PHYSIOLOGICAL ASPECTS OF GROWTH AND 
FOOD INTAKE 
The review is divided into two parts; the first comprises a discussion of the 
genetic aspects of growth and food utilization under different selection criteria, 
the second attempts to describe the correlated responses to selection for growth 
in terms of the underlying causal mechanisms. 
2.1. Selection for growth, carcass components and food intake, and efficiency 
Food forms the greatest proportion of the cost of raising meat animals. A 
main objective of farmers and breeders is therefore to produce animals with 
higher weight gain per unit food intake, i.e. more efficient animals. 
The relationship between growth and food intake: The growth of an 
animal is generally described in the form of growth curve, i.e. by plotting body 
weight against either age (time) (Richards. 1959) or cumulative food intake (Parks, 
1982). The normal growth curve of body weight against time shows a 
characteristic sigmoid nature, which can be divided into two phases. The first 
phase is characterized by an exponential increase in rate of growth, which is also 
associated with a similar proportional increase in food intake with age (McCarthy, 
1980). In the second phase, both increases in growth and food intake are 
asymptotic, the absolute rates decreasing with age. The rapid growth phase in 
mice, usually occurs from birth up to 4 or 5 weeks of age (Eisen et at, 1969). 
Although this can be complicated by environmental variation (maternal effects) 
operating during the early growth period, the point of inflexion of the growth 
curve is at nearly constant weight, however (average of 4.5 weeks) (Monteiro and 
Falconer, 1966). 
Selection for growth rate, i.e. either for body size, post weaning gain or 
body components, has therefore been found to produce correlated changes in 
food intake and (in most species) efficiency. Yuksel (1979) presents a detailed 
account on the associations between these traits in farm and laboratory animals. 
A summary is presented in Table 2.1 of realized correlation coefficients, both 
phenotypic (rp) and genetic (rG),  between gain in either body weight or carcass 
components and food intake and efficiency. First, a distinction between the 
expressed forms of efficiency is necessary and is adopted hereafter as they are 
often interchanged and confused. 
Measures of efficiency: 
Several criteria are used as measures of efficiency. Efficiency as is 
commonly defined is the ratio of body weight gain to food consumed and, in the 
discussions which follow, is synonymous with food efficiency and gross efficiency, 
its reciprocal indicating food conversion ratio (FCR). These measures do not take 
into account the composition of gain. Brody (1945) used "the ratio of the desired 
form of output energy to the given form of input energy". The desired output in 
this case being lean tissue gain, lean tissue food efficiency (LTFE) is, therefore, the 
ratio of gain in lean to food consumption. Food intake can be partitioned into 
that utilized for maintenance and that for growth. Parks (1970) further defined 
efficiency as the ratio of gain to intake available for growth, i.e. allowing for 
variation in maintenance requirement. 
Ignoring the unrealistic genetic correlation greater than one reported by 
Hetzel and Nicholas, (1982), the average for both correlation coefficients between 
gain and food intake is about 0.70 (Table 2.1) across species where variation in 
appetite was permitted to be expressed. Disregarding the method used to express 
efficiency, the association between gross gain and efficiency also shows similar 
trends. The associations are higher, with values approaching unity in selection 
experiments involving restricted feeding regimes. This would be expected, 
however, because variation in appetite are removed or appreciably reduced by 
restrict feeding. Age or weight interval of test-period seem to affect the 
coefficient however, as lower coefficients were realized during the period of rapid 
growth compared to age intervals approaching maturity in mice (Yuksel et al, 
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Table 2.1 
Summary of realized phenotypic (rp) and genetic (rG) correlations 1 
between gain and either food intake or efficiency from selection 
experiments. 
Type of Duration 
Selection criterion selection Species (generation) Food intake efficiency Reference 
High (H) 5- to within poultry 5 rp 	0.82±0.02 rp -0.63+0.033.7 Pym and Nicholls (1979) 
9-week gain family rG 	0.71±0.18 rG -0.85±0.21 
rp 	0.79±0.02 rp 	0.68±0.033.8 
rG 	0.70±0.09 rG -0.80±0.06 
H, lean growth Within2 Cattle 1.5 rp -0.567±0.05 Mrode (1988) 
rate family rG -0.531±0.24 
H, 	index; growth mass pig 4.3 rp 	0.61 rp 	0.67 McPhee (1981) 
rate, FCR and 
carcass lean from 
45 to 80kg live- 
weight. 
H, 27 to 82kg live mass pig 7 rp 	0.72±0.02 rp 	_0.45±0.02 36 Webb and King (1983) 
weight gain. 
H, 	index; average mass pig , 5 Index animals used significantly Cleveland et Al. 	(1982) 
daily gain and low less feed per unit liveweight 
backfat 56- to 76- and lean gain, associated with 
day. faster rate of lean growth and 
slower rate of fat growth than 
control. 
Table 2.1 (continued) 
Type of Duration 
Selection criterion selection Species (generation) Food intake Efficiency Reference 
H, weight gain from within mouse 4 rG 0.73 
- Gunset et al. 	(1981) 
lOg liveweight to family 
lOOg food consumed. 
H, 21- to 42-day mass mouse 7 rG 2.09 rG 0.79±0.07 Hetzel and Nicholas (1982) 
gain 
- rG 0.95+0.04 
H, ratio of gain to 
food intake 
a) 3- to 5-week within mouse 8 rp 0.51 rp 0.78 Yuksel et al. 	(1981) 
family rG 0.27 rp 0.67 - 
b) 5- to 7-week within mouse 7 Up 0.18 rp 0.98 
family rd 0.18 rp 0.98 
H, 4- to 11-week mass mouse 22 Up 0.52 rp 0.86 Sutherland et al. 	(1970) 
UG 0.71 rG 0.91 
B, Low (L) ratio of within mouse 10 UG 0.73±0.16 rG 0.06±0.11 Eisen (1987) 
hind carcass to body family 
weight 
Table 2.1 (continued) 
Type of Duration 
Selection criterion selection Species (generation) Food intake 	Efficiency 
H, L ratio of epidi- within mouse 10 rG 	0.50±0.13 	rG 	0.04±0.12 
dynial fat weight to family 
body weight 
H, L lean gain index; within mousq 11 Selection for an increase in 
body weight minus 8 family index increased food intake 
times (gonadal fat- and 4 to 6 weeks gross 
pad wt.) in 10-week- efficiency. 
old males 
H, £ ratio of gonadal within mouse 11 No changes in food intake, 
fat-pad wt. to body 4 to 6 weeks gross efficiency 
wt. 	in 10-week-old and lean mass but significant 
males changes in total fat 
H, 3- to 9-week lean between rat 5 rp 	0.77 	 - 
gain family rG 0.74 r0 	0.22 
1 Notes are given where values were not available. 
2 Within sire family selection was practised and in 	this study, 
generations of selection was calculated as generation coefficient less 
one (see Brinks et al., 1961 for details). 
Efficiency expressed as ratio of food consumed to gain (FCR) or 
as reciprocal, ratio of gain to food consumed. 
On restricted feeding regime. 
6. 7or8 denote values obtained from either pooled sexes, only males 
or females respectively. 
Reference 
Eisen (1987) 
Sharp et al. (1984) 
Notter et al. (1976) 
1981 and Sunderland, 1970). This agrees well with studies in growing cattle; 
Carter and Kincard (1959) found an rG of 0.5 between gain and efficiency, for the 
period between 182 and 382 days of age and Brown and Gifford (1962) reported 
an rG of 0.34 in a 154-day test-period following weaning. There is some evidence 
that selection for growth in young growing animals mainly exploit variation in 
food intake, the selected animals not necessarily being more efficient (Hayes and 
McCarthy, 1976). At later ages, weight gains progressively consist of more fat, so 
the overall result is a higher association between gain and efficiency at these 
ages, but not between food intake and efficiency. 
Except for cattle where estimated genetic and phenotypic correlations 
between lean growth rate and FCR are within range of those between absolute 
gain and FCR (Mrode et at, 1988), the associations between gain in carcass 
components and either food intake or efficiency are, however, not very clear when 
selection is for carcass components directly in other species. The averages of 
estimated rG  and rp between lean growth rate and FCR in three beef cattle 
populations were -0.69 and -0.55 respectively (Mrode, 1988). Notter et at (1976) 
reported high and moderate positive correlations between lean gain and food 
intake, and lean gain and efficiency respectively, after selecting for lean gain in 
rats. Cleveland et at (1982) and Sharp et at (1984) found an increase in gross 
efficiency while selecting for lean index in pigs and mice respectively. Eisen (1987) 
found a high negative correlation between lean gain and food intake however, and 
a moderate positive correlation between carcass fat and food intake, and almost 
no relationship between either carcass components and efficiency in lines of mice 
selected for either lean or fat content. The negative association between lean 
gain and food intake cannot be explained in bioenergetic terms, since the 
conversion of food energy to lean is expected to be accompanied by higher 
weight gain, than is conversion to fat because the energy density of lean is lower 
than that of fat. Eisen noted, however, that his results were influenced by the 
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negative correlation between the predictor used for carcass components and body 
weight. 
Values for rp and r G  computed from observations on populations utilizing 
family data i.e. from covariances of parents and their offspring are similar to those 
realized from selection experiments. Smith and Ross (1965) summarized eight 
studies with the pig and reported average rps of 0.4 and -0.73 between gain and 
food intake, and gain and FCR respectively, corresponding values for rGs  were 0.5 
and -0.76 respectively, from the sire component of variance. Smith and Ross's 
own data was from a progeny testing station where animals were fed individually 
to appetite. The authors pointed out differences in methods of measurement of 
traits between studies, e.g feed efficiency was calculated either on a live weight 
or a dead-weight basis. These differences might have perhaps included 
differences in management. However, estimates from different studies were in 
good agreement. The averages of intra-cell correlations for the phenotypic and 
genetic correlation groups were 0.82 and 0.69 respectively. In cattle, Thonney 
(1987) reported an rp of 0.5 between gain and daily dry matter intake, and -0.75 
between gain and FCR under ad lib. feeding. These are similar to those of Koch 
et at, (1963), where rG  between gain and food intake, and gain and FCR were 
found to be 0.64 and -0.79 respectively. 
Studies in which selection was practised for food intake are few 
(Sutherland et at, 1970; Pym and Nicholls, 1979; Sharp et at, 1984). The first two 
studies reported correlated responses in efficiency by selecting for unadjusted 4-
to 11-week and 5- to 9-week food intake in mice and poultry respectively. These 
are in agreement with the usual expectations in these species, i.e. increased food 
intake is also accompanied by increase in efficiency (Yuksel, 1979). Sharp et at, 
also found evidence of differences in efficiency in replicated lines of mice 
selected divergently for 4- to 6-week food intake corrected for 4-week weight, 
the lines selected in the upward direction being more efficient. However, in 
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contrast to the two studies in which selection for unadjusted food intake resulted 
in fatter animals (Biondini et at, 1968; Pym and Solvyns, 1979), the high appetite 
mouse lines of Sharp et at, were slightly leaner even after 20 generations of 
selection (Hastings and Hill, 1989a), and had higher metabolic rate than their 
counterparts selected for low food intake (Bishop, 1985). Between-line differences 
in efficiency were not therefore found after 5 weeks of age (Bishop and Hill, 1985). 
Bishop (1985) found that scaling metabolic rate by lean mass could not account 
for all the differences in metabolic rate nor could they be explained by changes in 
either mass of brown adipose tissue or temperature adaptation effects. Although 
several other reports have found some positive association between metabolic 
rate and protein turnover (Reeds et at, 1985; and a review by Millward and Garlick, 
1976), Parker (1988) found that the rate of protein turnover was higher in the low 
appetite lines mice than in those of the high appetite lines, results varied among 
replicates, however. The cause(s) of the higher metabolic rate in the high 
appetite lines, therefore, remain unknown. 
2.1.1. Selection for gain on restricted feeding regimes 
Many selection studies have examined the extent of genetic change in 
the partition offood energy more towards lean gain that can be produced by 
using restricted feeding regimes. These were conducted by selecting for gain on 
either a fixed level of feed (McPhee et at, 1980; McPhee, 1981; Yuksel et at, 1981; 
Hetzel and Nicholas, 1982; Hetzel and Nicholas, 1986; McPhee and Trappett, 1987; 
Uruita and Haves, 1988a and b) or on diets of variable nutrient density (Falconer 
and Latyszewski, 1952; Nielsen and Andersen, 1987) in pigs and mice. 
The correlated responses in carcass traits in the above studies vary 
slightly. Most of the studies found results in carcass traits which are in accord 
with the hypotheses that selection for weight gain among animals given a set 
amount of food over a given time period would seek out those that are able to 
partition more metabolizable energy toward lean and less toward fat deposition 
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(Fowler et at, 1976). McPhee et at (1980) and Yuksel et at (1981), however, found 
an increase in fatness in lines selected on restricted feeding levels. Two possible 
reasons why these two results differ from others are: firstly, the age interval 
chosen for selection in these studies was late. Selection for growth at early age 
(about 4 weeks of age) is known to increase food intake thereby increasing the 
proportion of that used for growth, the animals becoming fatter later in life. Thus 
selection pressures on partitioning seemed to have acted most effectively at early 
ages (Hetzel and Nicholas, 1986; McPhee and Trappet, 1987). Secondly, the 
increase in carcass fatness might have been due to the technical difficulty in 
eliminating all variation in appetite. 
Overall, these studies indicate that the use of a restricted feeding regime 
enables the evaluation of heritable variation in the partitioning of energy for 
growth independent of that for appetite and body weight. 
2.1.2. Variation in food consumption not related to body weight 
Differences in food consumption not associated with body weight is a 
good indicator of efficiency and the partitioning of food energy between 
maintenance, and lean and fat growth. Although between species differences in 
this trait is well known, little is known on within species variation. The pig is 
known for its high intake in relation to body weight, and therefore, maintenance 
requirement. This is associated with the higher tendency for the pig to become fat 
than most other farm species when given free access to food. A lower ratio of 
food intake to maintenance requirements (intake ratio) results from increased 
metabolic rate in relation to food intake. With metabolic rate being closely related 
to lean mass, such animals with lower intake ratio at different levels of intake 
tend to be leaner (e.g Bishop and Hill, 1985). 
Although a direct evidence of genetic variation intake ratio in animals is 
not available, as yet, the report of Bishop and Hill (1985) suggest its presence in 
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the mouse. For mice selected for high and low food intake adjusted for body 
weight have shown correlated responses in intake ratio opposite to the direction 
of selection. 
The term residual food consumption (RFC) is preferred when referring to 
differences in food intake not related to either maintenance and production 
requirements (Luiting and Urff, 1987). Luiting and Urff showed that variation in this 
trait is associated with systematic  variation between animals and not due to 
either food wastage or measurement (random) error. Heritability estimates for 
RFC was found to be about 0.40, and RFC has negative genetic correlations with 
metabolic rate (rG = -0.03) and egg weight (rG = -0.18), but has a positive genetic 
correlation with food consumption (rG = 0.41). Koch et al. (1963) earlier found a 
heritability coefficient of 0.28 for feed consumption adjusted for differences in 
gain in beef cattle. 
2.2. Physiological aspects of correlated responses to selection for growth and 
food intake 
It is evident that the correlated response in efficiency to selection for 
growth in the growing animal would be accompanied by increase in overall 
efficiency of the production unit (i.e. the total herd or flock) in species of high 
prolificacy, e.g poultry and pigs (Webster, 1989). This is because the cost of 
maintaining the parent stock is appreciably lower than that of the progeny 
(slaughter generation). Webster therefore suggested that in these species, 
improvement in meat production may be directed almost entirely towards food 
conversion efficiency and carcass traits in the slaughter generation alone. 
If the genetic approach to change feed conversion efficiency and carcass 
traits is more lasting, and therefore more economical in the long term, it would be 
valuable to understand the causal mechanisms sufficiently, so that undesirable 
changes following selection for growth can be controlled, particularly that of 
15 
increases in fatness. 
The conventional methods of evaluating energy utilization is in terms of 
how total energy intake (nn) is partitioned into metabolizable energy (ME), that 
dissipated as heat or total heat production (THP), representing maintenance 
requirement, and the residual energy retained for tissue growth, particularly lean 
and fat. Fig. 2.1 shows a typical schematic diagram of the fate of ingested food 
energy in nutritional terms. The nutritional energetics will be outlined in 
subsequent sections. First, let us consider the genetic-physiological interpretation 
of the various components of correlated responses to selection for growth. 
EL 
Fig. 2.1 
A schematic representation of the fate of ingested food 
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Robertson (1982), Hayes and McCarthy (1976) and Roberts (1979) have 
postulated genetic models to explain the causal connections between the 
components of energy balance given in fig 2.1, primarily from experimental 
evidence in the mouse. Robertson, however, suggested that the implications are 
similar when used to predict effects of selection for growth in poultry and pigs. 
These models are discussed in the light of recent available experimental evidence. 
Robertson proposed that selection for growth mainly exploits genetic 
variation in food intake and in the partition of nutrients into lean and fat growth. 
Citing the work of Davies and Lucas (1972) as an example, Robertson (1982) 
suggested that "each genotype may be thought of as having a separate response 
curve (of efficiency against daily intake), so that the genetic variation in efficiency 
at different inputs is describable by a set of response curves of which the 
end-point is important, which represents the limiting intake determined by the 
animal's own genotype". Campbell and Traverner (1985) have recently shown 
differences in lean growth in growing pigs of different strains, fed a diet of higher 
energy density than their normal diet. Lean growth showed a linear increase with 
increase in energy intake until a maximum was attained. The maxima were at 
different levels of energy intake for different strains, the strain of higher lean 
growth attaining the maximum at an energy level beyond their usual upper limit 
on a normal diet. Their counterparts of lower lean growth rate attained their 
maximum at energy levels 82% of normal appetite. Robertson further suggested 
that because of the higher metabolic activity of lean than fat, deposition of more 
lean results in an elevated demand for food energy to meet maintenance 
requirement, hence acting as a feedback mechanism for appetite control. The 
correlated responses to selection for food intake relative to body weight in mice 
(Bishop and Hill, 1985) supports this view. It was found that lean mass and 
metabolic rate both changed as correlated responses to selection in the upward 
direction; a different set of lines selected divergently from the same base, for 
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carcass fatness showed little changes in metabolic rate scaled by lean mass and 
in food intake, whether or not scaled by metabolic body weight. However, the fat 
lines had higher intake during the period of most rapid growth, 4 to 6 weeks of 
age, during which time (presumably) the differences in composition were 
established. No between-line differences in food intake were found thereafter 
(Bishop, 1985). Asante et at (1989) and Hastings and Hill (1989b) have found larger 
between line differences in the rate of lipogenesis at 5 than at 10 weeks of age, 
although the latter age coincides with the age of selection. It would be interesting 
to understand further whether these correlated responses were enhanced by the 
differences in food intake. 
The interpretation of the results of "the effect of selection at different 
ages for high and low body weight on the pattern of fat deposition in mice" by 
Haves and McCarthy (1976), was similar in principle to the model of Robertson. 
They proposed that genetic variation in growth utilizes different genes at different 
ages of selection, resulting in differences in food intake and efficiency of 
conversion of food energy into body tissues. Selection for growth in young 
growing animals mainly exploiting genetic variation in food intake, the selected 
animals becoming fatter at later age, while selection at later ages exploits 
variation in partitioning of food energy between lean and fat. 
Roberts (1979) extended the models of Robertson, and Haves and 
McCarthy, based on further studies where body composition was measured over a 
range of ages following selection for growth in mice. Roberts suggested a third 
set of genes controlling efficiency, in addition to those proposed by the earlier 
authors, may be involved. Although a few studies have found evidence of 
decrease in metabolic rate after selecting for growth in mice (Kownacki et a!, 
1975; Kownacki and Kellner, 1978), many others have found no evidence of 
changes in metabolic efficiency; digestibility and metabolic rate in laboratory 
rodents (Fowler, 1962; Stanier and Mount, 1972; Notter et at, 1976; Wang et a!, 
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1980; Bishop and Hill, 1985). Selection for food intake and efficiency in broiler 
chicken have shown some changes, however. The line selected for food intake 
had the lower digestibility than the controls and those selected for body weight 
gain and efficiency. The efficiency line had the highest digestibility and lowest 
metabolic rate compared with the other lines (Pym, 1985). 
Experimental evidence have shown that the relationship between body 
composition and energy metabolism is similar across species. Basal heat 
production is highly correlated with lean mass in many species, for example in 
cattle (Webster et al, 1976), chicken (e.g Farrell et al, 1982) and laboratory rodents 
(e.g Bishop, 1985). Thus, food intake might be regulated by the animal's ability to 
partition the net energy more towards either lean or fat. In some species, intake 
may be regulated by body fatness in the mature animal, this is discussed below. 
In general, the models reviewed above agree on the principle that 
selection for growth also acts on genes that affect food intake, which is 
supported by experimental evidence of correlated response in food intake to 
selection for growth. It is not, however, clear how the changes in efficiency are 
obtained although a few studies suggest changes in metabolic processes, 
particularly those related to maintenance requirement. 
2.2.1. Food intake control 
Most of the progress on the control factors of food intake and their 
integrated mechanisms has been reviewed by Forbes (1986). These were mostly 
based on theories of the effect of gastric distention, blood glucose levels, 
thermoregulation, body fatness and sensory factors which are as yet inconclusive. 
The effect of body fatness and sensory factors will be briefly outlined here for 
reasons relevant to the present study. 
The basis of the lipostatic (optimum body fat) theory is the assumption 
that adults of many species maintain a relatively constant body weight by 
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controlling body fat content. It is suggested that the hypothalamus controls food 
intake in response to changes in body fat, the receptors responding to circulating 
metabolites which are in concentrations proportional to the extent of fat stores. 
Whereas this basic assumption holds true in some species, it does not in others. 
Forbes (1985) observed that although man, rat, dog and other species seem to be 
able to regulate their fatness, pigs, cattle and sheep are exceptions. These animals 
continue to gain fat until they are very obese if given free access to high quality 
feed. 
Palatability as a sensory factor is based on the overall impression of the 
feed by the animal's senses. An example of this concept is shown by experiments 
where laboratory rodents were allowed access to varied and palatable human food 
items, "cafeteria feeding" e.g Rothwell and Stock (1982). This generally results in 
considerable increase in consumption of food energy and weight gain, although 
energy output also increases. 
2.2.2. Maintenance 
Maintenance will be referred to in the present study as that part of 
metabolizable energy required to maintain life. This involves energy for protein 
turnover, maintenance of ion gradients, general activity, work of digestion and 
thermoregulation. These are represented in fig. 2.1. On the basis of this 
definition, metabolizable energy is first utilized for maintenance, energy in excess 
of this requirement being used for growth in growing animals, while in adult 
animals of stable body size and in a normal physiological state that are neither 
actating nor pregnant, the two are equal (Webster, 1981). 
Methods of estimating maintenance requirement: 
The form of energy representing maintenance requirement is given off as 
heat. This biological property provides a means of measuring maintenance from 
the heat dissipated, but more commonly indirect calorimetry by respiratory 
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exchange is employed. Estimates of maintenance requirement by indirect 
calorimetry require standard conditions of temperature (being within the 
thermoneutral zone, i.e. between 22 and 33 °C for mammals), during the normal 
period of inactivity and while the animal is in a post-absorptive state. These 
conditions preclude differences in heat production influenced by factors such as 
ambient temperature, activity and heat increment of feeding common under field 
conditions. Webster (1981) suggested an approximate estimate of maintenance 
requirement to be basal heat production (BHP) multiplied by a factor of 1.3 (i.e. 
BHP being about 77% of maintenance requirement) for monogastrics and 1.35 to 
1.5 (BHP being between 67 and 74% of maintenance requirement) for ruminants, 
considering that ruminants have higher heat increment of feeding (HIF). What 
constitutes HIF and its role in energy metabolism is discussed below. 
Energy expenditure in mammals is affected by many factors: body size, 
thermoregulation, food intake and levels of physical activity. Metabolic rate is, 
however, often described as a function of body weight, in kilograms, raised to an 
exponent less that unity (usually 0.75) in an attempt to eliminate variation in 
energy expenditure due to body size or as an indirect estimate of maintenance 
requirements. The differences in the influence of the factors of energy expenditure 
in different species, however, suggest that the exponent is likely to be different 
between species and between individuals in different environments. McNab (1988) 
showed the ecological importance of differences in feeding habits on metabolic 
rate in different species. Animals tend to vary their metabolic rate in relation to 
the availability of food. Pym and Farrell (1977) and Bishop (1985) reported 
experimental evidence of increased metabolic rate in lines of chickens and mice 
respectively, selected for increase in food intake. In a between-breed comparison 
experiment, Frisch and Vercoe (1982) reported differences between Bos Taurus 
and Bos Indicus cattle with respect to food intake and maintenance requirements. 
The higher food intake in Bos Taurus cattle is associated with higher metabolic 
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rate than in Bos Indicus Several authors have, therefore, raised criticisms on the 
use of any arbitrary mass exponent when relating energy expenditure with body 
weight, based on the argument that the data obtained from such arbitrary use of 
mass exponent do not provide physiological explanation of the differences 
between animals (Thonney et at, 1976; Donhoffer, 1986; Heusner, 1982). The 
effects of levels of food intake and physical activity on energy expenditure are 
discussed below. 
2.2.2.1. Heat increment of feeding (HIF) 
It is well established that heat output increases following feeding, and 
the evidence that this phenomenon is common to all homeotherms including man 
is well documented (Garrow, 1974). This component of energy expenditure is 
referred to synonymously as either HIF, specific dynamic effect, specific dynamic 
action, or the term now generally used, diet-induced thermogenesis (Webster, 
1983). The origins of this component of heat output have been associated with 
post-parandial processes related to absorption, assimilation of nutrients and the 
cost of protein turnover (Nadaliyak and Zabotnov, 1976; Webster, 1980b). The 
energy costs of the physical work of ingestion, rumination and fermentation in 
ruminants, and contraction of the gut muscle, are small and insignificant (Brody, 
1945; Webster et at, 1976). The fact that HIF is a post-parandial process signifies 
its zero energy cost in a fasted animal. It can also play a significant role in 
energy metabolism of both ruminants and monogastrics. The quantitative 
interpretation of the HIF differ however, depending on the reference base level 
employed for computation, either to metabolizable energy or of any given nutrient 
ingested, or to basal metabolism. But by definition, HIF represents the increment 
in metabolic heat production due to ingestion of food, therefore it is a function of 
metabolizable energy intake in energetic terms. For the physiological origins are 
not yet clear (Webster, 1980b). 
Webster (1983) reported that in monogastric animals eating a normal diet 
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above maintenance requirement and depositing only fat, HIF is about 200 to 
300kJ/MJ ME. Ruminants have higher and variable HIF because of the wider range 
of feed they eat and associated difference in physiology of digestion. Leroy 
(1980a) showed that pigs can expend as much as about 4kJ/g OM intake through 
HIF, and further pointed out in a companion paper (Leroy, 1980b) that after 
correcting for energy losses through methane, heat loss of this magnitude is 
equivalent to that expended by a dairy cow fed hay and in a normal physiological 
state, i.e. neither lactating nor pregnant. 
2.2.2.2. Activity 
The importance of the energetics of activity has been recognized for 
many years (Brody, 1945 page 471); and the presence of genetic variation was 
established about a decade earlier (Rundquist, 1933) in laboratory rodents. 
Activity refers to the movement of the whole organism, but in order to 
distinguish between whole-organism movement from such behaviours as 
orientating response (reactivity), the term locomotor activity is often used. 
However, it is not always possible to differentiate between spontaneous activity 
and reactivity, so activity is a difficult trait to define precisely as a phenotype 
(Simmel and Bagwell, 1983). Only one study (Fowler, 1962) examined the effect of 
selection for growth on activity. Fowler found that mice selected for large body 
size were more active and had higher metabolic rate than their counterparts 
selected for small body size, and concluded (as did Brody, 1945) that the increase 
metabolic rate is an added advantage for increased growth rate, because of the 
positive association between the two traits. These views are contradictory to 
reports where selection pressures have been directed to reduce voluntary food 
intake and therefore metabolic rate by selecting for food conversion efficiency. 
Another study with lean and hereditary obese mice showed that the obese mice 
were about 60% less active than their lean counterparts (Dauncey, 1986). The 
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differences in levels of activity were associated with the higher metabolic rate in 
the lean than in the obese genotypes. Several metabolic studies have concluded 
that activity accounts for about 9 to 25% of resting heat production in pigs (Halter 
et at, 1980; Verstegen et at, 1982) and in poultry (Macleod et at, 1982; Macleod 
and Jewitt, 1985; Boshouwers and Nicaise, 1987). 
2.2.2.3. Partitioning of energy for lean and fat growth 
Pullar and Webster (1977) reported that the energy cost of depositing a 
gram of protein and fat are almost identical, being 52.9 and 53.4kJ respectively. 
With average energy contents of 23.5 and 39.3kJ/g for protein and fat 
respectively, a gram of protein is deposited along with approximately 4g of water 
to form 5g of lean tissue (Webster, 1977). In contrast, a negligible amount of 
water is deposited in fat tissue, so a gram of lean takes only about 20% of the 
food energy required to deposit a gram of fat. It is therefore more expensive to 
convert food energy into fat, the differences in composition of gain resulting in 
differences in efficiency, the more efficient animal being that which is capable of 
converting food energy into lean. 
The transformation of net energy into lean and fat in the growing animal, 
is also accompanied by heat loss. The maintenance of lean is more costly 
because of it's higher metabolic activity. Webster (1981) showed that the 
relationship between protein synthesis and heat production is almost linear in 
most species. On this basis, he concluded that the synthesis of a gram of protein 
accounts for 20kJ of heat production. And given the theoritical cost of protein 
synthesis is about 4.5kJ/g, protein synthesis contributes 20 to 25% of resting heat 
production. 
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2.3. Conclusions from literature and objectives of the present study 
In this section, the salient features of the preceding discussions on 
available evidence are summarized, highlighting areas where more information is 
required. The objectives of the present study to provide some of the information 
on these problems are then outlined. 
It is widely recognized that genetic progress in meat animal production is 
not limited by the availability of genetic variation in the associated traits namely, 
growth rate, food intake, and lean and fat content. However, what is not 
sufficiently understood are the underlying physiological processes controlling the 
interactions between these traits. The main features of these relationships can be 
summarized as: 
Selection experiments for growth, i.e. either for body weight or body 
components have shown strong correlation (average rG of 0.70) with both food 
intake and efficiency in studies where selection was practised for body weight or 
lean content. It is not, however, clear whether the correlated response in 
efficiency is an exclusive function of appetite variation, i.e. ability to ingest more 
food above that required for maintenance, or is also a function of genetic changes 
in efficiency itself, reflected in the ability to partition more of the ingested food 
for gain. Whereas the "usual" expectation is that selection for food intake will 
produce fatter animals, one study has, however, shown that mice selected for 
food intake relative to body weight became slightly leaner and had higher 
metabolic rate than that accounted for by their lean mass (Bishop and Hill, 1985). 
Clearly, the processes controlling the partition of food energy warrant more study. 
Whereas several studies have ascribed the correlated (in some studies direct) 
response in efficiency to changes in metabolic efficiency, the physiological basis 
for the changes is poorly understood. It has been generally accepted that 
selection for growth does not alter the ability to metabolize food nutrients. There 
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is, however, no direct evidence for genetic variation in metabolic rate itself. 
Perhaps other factors related to metabolic rate are involved in the efficient use of 
food energy for maintenance and growth. Only one study examined the effect of 
selection on the components of maintenance. Fowler (1962) found that selection 
for growth led to a correlated response in activity, although the proportion of 
maintenance requirement accounted for by activity was not given in this study. 
There is virtually no evidence for genetic variation in heat increment of feeding as 
it relates to variation in energy utilization. The paucity of information in these 
aspects of maintenance requirement does not match their significant role in 
energy expenditure reported in many metabolic and physiological studies. 
The present study utilizes metabolic and physiological approaches to 
investigate these aspects of energy metabolism summarized above, using the 
mouse as a model. In particular, it is intended to examine the variation exhibited 
in energy utilization by lines of mice selected divergently, from the same base for 
different criteria: food intake, growth rate and body composition. This is done 
increasing energy intake in the upward direction, and in one set of the lines 
selected for carcass composition, by reducing intake. Finally, attempts will be 
made to understand the cause(s) of the differences in maintenance requirement 
by investigating its different components, particularly, activity and heat increment 
of feeding. 
2.4. Experimental Animals 
The lines of mice established by Sharp, Hill and Robertson (1984) will be 
utilized as experimental units for the study. The origin of the mice, basic design 
and selection procedures have been reported (Sharp et al 1984), but since then 
some structural adjustments were made. A summary of the design and history of 
the selection lines is given in Fig. 2.2. 
Three selection criteria were used to produce from the same base 
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population divergent lines of mice that would differ in food intake relative to body 
weight during the growing period (A), body fat content (F), and lean mass content 
(P). 
The A lines were selected for 4- to 6-week food intake, adjusted by 
within-sex phenotypic regression on 4-week body weight. The actual selection 
indices used were reported by Sharp et aL (1984). 
The ratio of gonadal fat-pad weight to body weight in 10-week-old 
males was used as a selection criterion in the F lines up to generation 20 and 
then the ratio of dry weight to wet weight in 14-week-old males. This ratio has 
been found to be a good indicator of fat content because it has a high positive 
correlation (r = 0.98) with fat content in chemically mature animals irrespective of 
their genetic background (Hastings and Hill, 1989a). 
In the P lines, an index of body weight minus (8 X gonadal fat-pad 
weight) in 10-week-old males was used up to generation 20 and then unadjusted 
10-week-old body weight in male and females. 
Within-family selection was practised for all selection criteria. Three 
replicates were initially maintained, each consisting of a high (H), an unselected 
control (C) and a low (L) line. At generation 20, replicates were crossed within 
each selection criterion in F and P selection criteria to produce one line H and 
one L line; these were named "replicate 6". The same was done for the A lines at 
generation 24. In these replicate 6 lines, the numbers of pair-matings were 
increased from 8 to 12 in A and F and to 16 in the P lines. 
if C L 
123 123 123 
H 	L 	 H 	L 
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	 Ii   
(10 for N lines) 
Pig. 2.2 History of the selection lines, where A is appetite selection criterion; P is fat 
content selection criterion; P is total lean mass selection criterion; A6, P6 and 
P6 represent the pooled lines, crosses of replicates 1, 2 and 3; N is maintenance 
selection criterion; replicates 1, 2 and 3 of N were crosses of respective controls 
of F and P selection criteria; H, C and L are directions of selection high, control. 
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The differences in food intake in the A lines was confounded by changes 
in body weight at both 4 and 6 weeks of age (see Table 2.4a). In an attempt to 
increase the understanding of the correlated responses in metabolic rate and body 
composition following selection for food intake, a selection criterion was designed 
to produce lines of mice that would differ in food intake but not in body weight at 
ages approaching maturity (8 to 10 weeks of age), with the aim of producing 
differences in the proportion of food intake used for maintenance. The controls of 
the F and P lines were used to produce a base population designated Maintenance 
(M) lines. Selection in these lines was for 8- to 10-week food intake in both sexes 
corrected for sex and mean 8- and 10-week body weight. The selection indices 
were: 
Males: adjusted food intake = food intake minus 14(mean 8- and 10-wk wt) 
Females: adjusted food intake = food intake minus (mean 8- and 10-wk wt) 
Direct responses to all the different selection criteria are presented in 
Tables 2.2 and 2.3, and correlated responses to A and M selection criteria in Table 
2.4a and b respectively. These data were made available by Ian Hastings, and not 
collected by myself. 
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Table 2.2 
Direct responses to A, F and P selection criteria. Means over 
replicates at generations 10, 15 and 20, and in the pooled lines, 
replicate 6 at generations 25 and 30. 
A lines F lines P lines 
4- to 6-week food intake Ratio of gonadal fat pad-wt BW - (8 XGFPW) of lOwk of males and females adjusted to body wt (GFPW)/BW of lOwk males up to 
by within sex phenotypic old males (mg/g) up to and thereafter, 
generation 20 
regression on 	4-week generation 20 and thereafter, BW of males 
uncorrected 
body weight (BW) ratio of dry weight to 
and 
at 10 weeks of 
females 
(g) wet weight (g) 
age 
Gen. High (B) 	Control (C) 	Low (L) a C L H 
5 63.8 61.7 	59.4 0.00163 0.0140 0.0094 32.7 20.1 10 66.3 63.3 57.5 0.0205 0.0140 0.0087 33.8 29.0 
27.3 
15 70.7 63.8 	56.8 0.0267 0.0148 0.0073 37.1 28.4 
25.6 
20 77.5 67.2 58.8 0.0245 0.0138 0.0067 38.1 27.5 
24.0 
25 70.2 - 	 49.9 0.437 - 0.325 44.4 
23.1 
30 74.3 - 	 51.4 0.441 - 0.320 48.5 
- 22.9 
32 74.8 - 	 48.0 0.423 - 0.313 50.4 
- 21.5 




Direct response to M selection criteria, means over replicates 
8- to 10-wk food intake 
of males and females corrected 
by within sex phenotypic regression 
on mean weight at 8 and 10 weeks 
of age. 
(g) 
Generation H L 
1 28.6 28.7 
2 28.7 28.6 
3 33.1 31.4 
4 34.0 29.5 
5 37.5 32.2 
6 36.7 28.0 
7 35.2 27.8 
8 38.4 26.9 
9 40.6 27.6 
10 40.9 26.9 
11 40.8 27.0 
12 46.7 29.3 
13 38.6 23.0 
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Correlated responses in body weight to A and M selection criteria. 
a) A lines 
4-week weight (g) 6-week weight (g) 
Generation H C 	L H C L 
5 17.4 16.6 	16.7 26.3 24.7 24.4 
10 19.5 17.7 18.0 28.2 27.0 24.5 
15 17.9 17.6 	17.0 27.1 25.5 22.6 
20 16.8 15.2 14.7 28.6 24.2 21.1 
25 18.2 - 	 16.6 27.5 - 20.6 
30 17.1 - 	 15.4 29.3 - 21.1 
32 18.4 - 	 16.1 29.3 - 19.3 
34 19.3 - 	 15.2 30.0 - 20.5 
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CHAPTER 3 




Improvement in efficiency is determined to a great extent by growth rate 
and the animal's ability to partition more of the ingested food towards lean 
growth. Knowledge of the nature and extent of genetic differences in the 
partitioning of nutrients becomes increasingly relevant as improvement in meat 
animal production is targeted towards higher lean growth rates. 
Differences between genotypes in the partitioning of food nutrients 
between lean and fat has been demonstrated in different species. Whereas 
increased energy intake is associated with increased fat in most farm animals, 
some reports provide evidence that there is genetic variation for energy partition 
at varying levels of intake. Farrell et al, (1982) showed that young Japanese Quail 
fed slightly above maintenance deposit more lean than fat and Leclercq and 
Saadoun (1982) found that pair-feeding does not suppress differences in fat 
deposition in broiler chickens selected divergently for abdominal fat. Some 
differences in energy partition were found by Campbell and Traverner (1988) in 
growing pigs of different strains fed a diet of higher protein and energy density 
than their normal diet. Lean growth increased linearly with increase in energy 
intake until a maximum was attained, the maxima being at different levels of 
energy intake for different strains, and the genotype with higher lean growth 
attaining the maximum at an energy level beyond its intake on a normal diet. Lean 
and congenitally obese rats were found to differ in their partition of energy 
between lean and fat deposition at all levels of intake (Pullar and Webster, 1977) 
and Rothwell et al. (1982) found that by allowing rats access to a stock diet and 
a choice of varied highly palatable human food items (cafeteria feeding), different 
strains varied in the proportion of fat deposited. 
Hayes and McCarthy (1976) suggest that selection for growth utilizes 
variation due to different genes at different ages of selection. Selection for growth 
in young growing animals mainly exploits genetic variation in food intake, the 
selected animals becoming fatter at latter age, while selection at later ages 
exploits variation in partitioning of food energy between lean and fat. The findings 
of Stephenson and Malik (1984) support this suggestion, for mice selected for 
high body weight at 8 weeks of age diverted more energy towards growth than 
unselected controls or mice selected for low body weight. Energy in excess of 
maintenance requirement which was used for growth had no relationship with 
body weight. Selection in mice for increased food intake relative to body weight 
led to increased lean content and energy used for maintenance (Bishop and Hill, 
1985; Hastings and Hill, 1989a). Therefore, although there is clearly genetic 
variability in the way animals partition food into lean gain, fat gain and 
maintenance, understanding of its extent and basis is limited. 
Experiments on the A, F, P and the M lines are reported in this chapter 
with a view to providing more information on genetic variation in metabolic rate 
and on energy partition in mammals using cafeteria type feeding to increase 
intake. 
3.2. Materials and Methods 
Animals and Experimental design: 
Mice were sampled from generation 31 in A, F and P lines and generation 
11 in M lines. From each of the high and low lines, eight full-sib families were 
chosen at random from each line, and if available, three male weanhing mice were 
sampled from each, otherwise mice from other families in that line were used to 
make up numbers. This gave a total of 192 animals. Animals were divided as far 
as possible into three equal groups, with each mouse in a group coming from 
different family. Group 1 mice were killed at 4 weeks of age to study the initial 
carcass composition, while group 2 and 3 mice were maintained on either 
cafeteria or control (normal stock) diets over the experimental period from 4 to 6 
weeks of age, the age interval of fastest growth in mice. All animals were killed 
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by cervical dislocation following overnight starvation. 
Mice were tested in successive batches, high and low from the same 
selection criterion at the same time. Animals were housed individually in plastic 
cages without litter in a room maintained at 27±1 °C on a 12h light/dark cycle 
with water ad fib/turn Feed was given ad fib/turn as either a cafeteria diet, of 
pelleted stock diet, walnuts and cheese, mixed in equal proportions, or a control 
diet, of pelleted stock diet alone. 
The composition of the experimental diets is presented in Table 3.1. Feed 
was weighed and placed in food baskets and changed every other day for the 
cafeteria fed groups and weekly for controls. Each mouse was weighed on day 1, 
on one day between day 7 and 11, and on day 14 of the experiment. Spilt food 
and faeces were collected every two days and kept frozen until analysis. 
Gross energy contents were later determined using an adiabatic bomb 
calorimeter (Gallenkamp), and protein and fat contents were measured by The 
Advisory Nutrition Dept., Edinburgh School of Agriculture. Nitrogen was digested 
and extracted using a modified Kjeldahl technique and protein estimated as 6.25N. 
Fat was extracted using standard soxhiet extraction techniques. Digestibility was 
evaluated only in the control groups fed the normal stock diet. Digestibility was 
defined as the percentage ratio of weight of food intake (on dry matter basis) less 
faecal output and food spilled, to total food intake. Bias due to food spillage in the 
estimation of digestibility in mice fed the stock diet is negligible compared to 
those fed the cafeteria diet. There was, also, no evidence of between-lines 
variation in spillage. Gross energy intake was computed using the average gross 
energy content of the foodstuff (24kJ/g wet weight), assuming animals ate equal 
proportions of each component. This is likely to have led to slight underestimates 
in total energy intake on the cafeteria diet, as it was observed that all genotypes 
ate proportionately more of the highest energy foodstuff, walnuts. Energy intake 
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was then calculated as the difference between gross energy intake and losses in 
faeces and spillage. 
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Table 3.1 
Composition of Foodstuff 
Food Item 	Dry Matter Gross energy Crude Protein Fat 
(%) (kJ/gDM1 ) (%) (%) 
Stock diet2 90 16.9 14.63 2.6 
Cheese 95 29.9 37.9 50.8 
Walnuts 86 33.6 16.6 74.1 
Mean 90 26.8 23.0 42.5 
= Dry matter 
2J3eta diets, Rat and Mouse No.1. Modified expanded maintenance diet. 
3Manufacturer' s specifications. 
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Fasting heat production was determined by indirect calorimetry on 
individual animals placed in closed-circuit respiration chambers for a day between 
5 and 6 weeks age. The chambers were enclosed in a box kept in a room 
maintained at a temperature of 25±1°C.  The box was maintained at 29±1 °C, near 
to the thermoneutral temperature for mice. The basic design and operation of the 
respiration calorimetry was described by Bishop (1885). Essentially, it consist of 
three animal chambers (desiccator jars) equipped with independent gas collection 
apparatus. However, in the present study, Potassium hydroxide solution was 
substituted for sodium hydroxide granules (Carbosorb AS, BDH (LTD) Poole 
England) for cabondioxide absorption. Weight of carbondioxide was evaluated from 
weight gain in the bottle containing carbosorb corrected for water given off 
following the reaction of carbondioxide with sodium hydroxide, about 15%, which 
would be expected from theoritical molar reactions. Gaseous volumes were 
corrected to standard temperature and pressure, and fasting heat production was 
evaluated according to the formula given by Miller et al. (1981): 
Heat production (kJ) = 16.17Vol. 02 + 5.02Vol. CO2 
Where: Vol. is volume of gases in litres standardized to standard temperature 
(25°C) and pressure (1 atmosphere, 760mmHg). 
Food was removed from the mice at about 16.00 h one day and the 
following day they were placed in the chambers at about 09.00 h. The first hour 
was used to equilibrate temperature and pressure in the system and to allow 
animals to settle down. Measurements started at about 10.00 h and lasted for 6h. 
By the end of each period animals had therefore been starved for 24 h, so fasting 
heat production was extrapolated to the 24h period. 
Carcass 	composition was 	assessed by chemical 	analysis 	on 	animals 
using the same techniques as for foodstuffs. The groups of 8 mice per line at 4 
and line by diet at 6 weeks, were minced and analysed as two replicate bulk 
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samples each comprising 4 mice, except for losses due to death. 
From the data on body weight, food intake, total energy intake and 
fasting heat production, other traits were derived. Body weight gain was 
calculated as the difference between 6- and 4-week body weight. Food intake was 
scaled by body weight, while total energy intake and fasting heat production were 
scaled by metabolic body weight (Kg- 75)  in an attempt to remove metabolic 
differences due to body size. 
Statistical analysis: 
Data on measured and derived traits were subjected to analyses of 
variance using the following model: 
YiikI = p. + C + D, + Lk + CL, k  + DLjIk  + e J kI 
where: 
ijkI is the observation on the 
1th  mouse (or sample of mice for carcass data) fed 
the kth  diet from the jth  direction of the ith  selection criterion; 
p. is the overall mean; 
C, is the fixed effect of the ith  selection criterion (A, F, P or M; i = 1, 2, 3, 4); 
Dii is the jth  direction of selection (H or L) within the i
th selection criterion (j = 1, 
2); 
Lk is the effect of the kth  diet (cafeteria or control; k = 1, 2); 
CLIk and DL, k denote interactions; 
eI J kI is the residual error, which is confounded with genetic drift effects (see 
discussion below). 
Digestibility was analysed using a subset of the model: 
' ijk = 1 + C i + D, + ek 
where: 
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ijk is the observation on the kth  mouse in the i 1' direction of selection of the ith 
criterion; 
and other symbols are as above. 
Standard errors of difference of means were computed based on 
direction within selection criterion, line by diet interactions and error variances. 
Because dry matter content is a good predictor of fat content (Hastings 
and Hill, 1989a), a check was made on 6-week-old carcass composition of all lines 
to compare results with previous data on these mice. It was realized in 
retrospect that carcass dry matter content of the A lines mice was overestimated, 
perhaps because carcasses were not thoroughly dried. These lines were therefore 
not included in the analysis of carcass components. 
3.3. Results 
Tables 3.2 and 3.3 show the means of body weight and gain, and food 
intake, digestibility and energy balance between 4 and 6 weeks of age. Their 
corresponding analysis of variance are given in Table 3.4. Differences in growth 
rates among the selection lines were already obvious at 4 weeks of age: PH line 
mice started heavier than the other lines. Most of the differences in 4-week 
weight could be ascribed to correlated responses to different selection criteria, 
although some could be due to environmental differences, because mice on 
different selection criteria were tested at different times. The intention of having 
mice on different diets within lines starting at similar body weights was, however, 
realized. Table 3.4 shows that the line X diet interaction component was small for 
all the selection criteria for 4-week weight. Terminal body weights were higher for 
mice fed the cafeteria diet than the controls in all lines, notably in FH and PH 
The line X diet interaction component was high for the P selection 
criterion, cafeteria fed PH mice gaining relatively more than their counterparts in 
the PL line. Cafeteria-fed ML mice, however, gained more (P<0.05) despite the nn 
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difference in 6-week weight, which might be attributed to their slightly lower 
starting weight compared with their control. 
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Table 3.2 
Means of 4- and 6-week body weight and 4 to 6 week gain (g) 
Sel. cri. Line Diet 1 4-week wt. 6-week wt. Gain 
High Control 16.1 25.7 9.6 
Cafeteria 15.3 26.6 11.5 
Appetite 
(A) Low Control 13.8 19.7 5.9 
Cafeteria 14.3 22.5* 8.2* 
High Control 18.0 23.2 5.3 
Cafeteria 17.8 28.7** 10.8** 
Fat S 
(F) Low Control 16.2 21.7 5.5 
Cafeteria 18.2 26.3* 8.1* 
High Control 24.6 32.6 8.3 
Total lean Cafeteria 24.7 38.8** 14.1** 
mass 
(P) Low Control 14.7 19.4 4.7 
Cafeteria 14.5 20.6 6.2 
High Control 20.0 26.4 6.3 
Cafeteria 19.1 26.3 7.2 
Maintenance 
(M) Low Control 20.0 25.0 5.0 
Cafeteria 19.0 26.5 75* 
S. E2,  2.7 4.4 2.2 
in = 8 for 4-week weight and 7 for 6-week weight 
* p < 0.05, ** P < 0.01, differences between diets within 
selection line were tested by linear contrast. 
2 	= Standard errors of difference of means. In this 
chapter, these were computed based on variances between 
directions of selection within selection criterion, 
line by diet interactions and residual variances. 
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Table 3.3 
Food Intake and Energy Balance from 4 to 6 weeks of age 
Total Food Total Metabolic 
Food Intake! Energy Energy 
Line Diet Intake body wt. 1 Intake Intake 
(n=7) (g) (g/g) (kJ) (kJ/kg075/day) 
AH Control 91.7 4.23 1035 1348 
Cafeteria 71.5 3.20 1405** 1816** 
AL Control 62.3 3.62 742 1128 
Cafeteria 53.5 2.79 llll** 1586** 
FH Control 73.1 3.50 811 1074 
Cafeteria 65.4 2.72 1291** 1546** 
FL Control 54.9 2.82 620 871 
Cafeteria 51.4 2.21 1073** 1326** 
PH Control 73.3 2.54 856 878 
Cafeteria 65.8 2.10 1306** 1241** 
PL Control 55.4 3.18 638 948 
Cafeteria 50.2 2.77 1025** 1521** 
MR Control 61.5 2.66 693 836 
Cafeteria 51.3 2.25 973** 1194** 
ML Control 60.0 2.65 658 808 
Cafeteria 53.5 2.28 1026** 1251** 
S.E. 9.39 0.099 120 110 
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Table 3.3 (continue) 
Fasting Metabolic 
Heat Heat 
Line Diet Digestibility production production 
(n=7) (%) (kJ) (kJ/kg0-75/day) 
AH Control 74.6 27.3 453 
Cafeteria - 33.4 533* 
AL Control 75.8 24.1 472 
Cafeteria - 27.6 481 
FH Control 73.6 24.1 415 
Cafeteria - 30.6* 475** 
FL Control 75.6 24.0 427 
Cafeteria - 27.0 415 
PH Control 75.0 33.6 471 
Cafeteria - 40.0* 542** 
PL Control 75.3 22.4 431 
Cafeteria - 33.6** 625** 
MR Control 74.5 27.9 464 
Cafeteria - 30.6 513** 
ML Control 75.2 23.1 391 
Cafeteria - 23.6* 375 
S.E. 2.08 3.65 52 
1 Food intake divided by mean 4-, about 5- and 6-week body weight. 
* P < 0.05, 	** P < 0.01; differences between diets within selection 
line tested using linear contrast. 
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Table 3.4 
Analysis of variance of 4- to 6-week Body weight, Gain, Food intake 
and energy balance 
Source of Mean Squares 
variation d.f. 
Total 
4-week 6-week Food 
Weight Weight Cain intake 
(g) (g) (g) (g) 
Selection 
Criterion 3 139.73** 9384** 27.28* 845.1** 
Direction A(H-L) 1 19.54 183.57** 81.39** 3931.8** 
F(H-L) 1 3.14 26.33 10.76 1814.5** 
P(H-L) 1 651.20** 1716.07** 240.38** 1952.2** 
M(H-L) 1 0.00 2.16 1.75 1.0 
Diet 1 0.10 218.68** 228.67** 2121.1** 
Crit. X Diet 	3 5.18 25.69 9.44 112.7 
Dir./Crit.X Diet: 
A 1 2.65 6.25 0.78 227.4 
F 1 5.61 1.75 13.62 30.9 
P 1 2.77 49.90* 31.62* 5•3 
M 1 0.00 4.76 5.06 23.9 
Residual 96 6.53 6.84 4.69 62.6 




body wt. Digestibility intake 
(g) (%) (kJ) 
Selection 
Criterion 3 	5.266** 0.957 259942 
Direction A(H-L) 1 1.806** 4.402 600943** 
F(H-L) 1 	2.433** 16.000 288463** 
P(H-L) 1 3.068** 0.250 434007** 
M(H-L) 1 	0.000 2.304 567 
Diet 1 10.362** - 4349366** 
Cr1. X Diet 3 	0.441 - 26007 
Dir./Cri. X Diet: 
A 1 	0.069 - 2 
F 1 0.051 - 1575 
P 1 	0.001 - 6945 
M 1 0.002 - 13552 
Residual 96 0.084 7•3571 13700 
*p <0.05, 	< 0.01; all effects tested against residual mean 
square. 
1 d.f = 48 
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Table 3.4 (Continued) 
Source of 	 Mean squares 
variation d.f. 
Metabolic 	 Fasting 	Metabolic 
Energy Heat Heat 
Intake 	 Production 	Production 
(kJ/kg0-75/day) 	(kJ/day) (kJ/kg0-75/day) 
Selection 
Criterion 3 	995865** 227.25** 46242** 
Direction A(B-L) 1 354375** 141.75** 1999 
F(H-L) 1 	314608** 24.22 3998 
P(H-L) 1 216832** 540.85** 3296 
M(H-L) 1 	1372 239.56** 189 
Diet 1 5646624** 960.03** 83112** 
Crit. X Diet 3 	7313 61.15 19822** 
Dir./Cri. X Diet: 
A 1 	175 12.85 8871 
F 1 505 20.59 9097 
P 1 	77175* 38.82 26132** 
M 1 12643 9.09 7280 
Residual 96 12872 18.78 3606 
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Food intake (in grams) was lower, but energy intake was higher for all mice fed 
the cafeteria diet than for their controls fed the stock diet. There were large H-L 
differences in average food intake between high and low A, F and P lines, the 
differences being greatest in A, but little in M. Scaling food intake by body 
weight did not affect this trend in the A, F and M lines, but the PH line mice ate 
less in relation to their body weight than the PL line mice. 
There were no significant diet X direction within criterion interactions in 
food or energy intake. When total energy intake was scaled by metabolic body 
weight (Kg 075), however, the PH line had less energy intake in relation to their 
metabolic body weight than the PL line. Digestibility was not significantly 
different between selection criteria and between lines. 
Basal metabolic rate (fasting heat production) was increased by cafeteria 
feeding in all lines. There were H-L differences in A, P. and M lines, but these 
differences were removed if scaled by metabolic body weight in A and M lines. 
The PH line mice had lower basal metabolic rate in relation to their metabolic 
body weight than the PL line mice on either diet. The F lines did not differ in 
basal metabolism. 
Increased energy intake on cafeteria diet was accompanied by increased 
fat deposition in all selection lines (Table 3.5). The mice selected for increased fat, 
(the FH line) had the highest increase in body fat, depositing 3.8% more fat than 
their control. They were followed by the PL line mice with 2.8% more fat 
deposited. Cafeteria feeding had no effect on protein percentage (Table 3.6). 
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Table 3.5 
Carcass composition (%) on a wet weight basis at 4 and 6 weeks of age. 
4 weeks 6 weeks 
Line Control Cafeteria 
DM 	Fat 	CP DM 	Fat 	CP DM 	Fat 	CP 
FH 30.5 	7.2 	18.0 35.0 	11.8 	17.8 40.0 	15.6 	17.5 
FL 26.5 	3.7 	18.6 29.0 	4.5 	19.4 31.0 	6.8 	18.7 
PH 28.0 7.0 15.5 33.5 9.2 18.4 35.0 11.8 17.8 
PL 30.0 7.9 16.5 31.5 7.6 19.0 34.5 10.4 18.7 
MH 28.5 6.2 16.6 31.5 7.8 18.2 34.5 10.1 18.5 
ML 32.0 8.2 17.8 31.0 8.0 18.9 34.5 10.0 18.6 
DM = Dry matter 
CP = Crude Protein 
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Table 3.6 
Analysis of variance of Carcass Composition (%) at 6 weeks of age 
Source of 	 d.f. 	 Mean squares 
variation 
Dry Matter 	Fat 	Crude Protein 
Selection 
Criterion 2 3.292 1.518 0.073 
Direction F(H-L) 1 128.000** 129.927** 3.976* 
P(-L) 1 3.125 4.322 1.037 
M(H-L) 1 0.500 0.000 0.304 
Diet 1 63.375** 40.794** 0.448 
Crit. X Diet 2 3.250 0.469 0.184 
Dir./Crit.X Diet: 
F 1 8.000 1.080 0.125 
P 1 1.125 0.039 0.084 
M 1 0.500 0.008 0.174 
Residual 12 1.625 1.211 0.613 
*P < 0.05, P < 0.01; all effects tested against the residual. 
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3.4. Discussion 
In most previous studies, restriction feeding have been utilized to 
examine genetic variation in the partitioning of food energy between lean and fat 
gain (e.g LeClercq and saadoun, 1982). On the other hand, the present study 
describes differences in the utilization of increased energy intake between lines of 
mice. But perhaps the most important feature of this study was the use of 
divergently selected lines for a range of quantitative traits. However, as there 
were no replicate lines in this study, the observed differences between lines were 
confounded with genetic drift. These may be small however, as each of the high 
and low lines in A, F and P lines were crosses of three replicated lines (refer to 
Fig. 2.2), which reduced the levels of inbreeding, and effective population sizes 
were increased from 8 to 12 pair matings in A and F and 16 in P after crossing. 
Feeding a varied high energy diet has as in previous other similar studies 
(e.g Rothwell et a1 1982) resulted in increased growth in mice irrespective of 
genetic strain. In the present study, however, there were differences in live 
weight gain between genotypes in response to cafeteria feeding. For example, 
mice selected for increased food intake and those selected for small body weight 
had lower increases in weight gain than the other lines. This suggests that these 
mice eat almost to their capacity for growth, and were, therefore, least induced to 
grow more by cafeteria feeding. Despite the increased energy intake on the 
cafeteria diet, the excess energy was dissipated through maintenance by 
increased metabolic rate. A possible interpretation of these results is that the 
high food intake lines have evolved a characteristic physiological mechanism to 
increase their energy expenditure. Nutritional studies in rats have suggested the 
important role of brown adipose tissue in increasing rate of energy expenditure 
during overeating, and thus act to prevent obesity (Rothwell and Stock, 1979). 
The role of brown adipose tissue in the energy expenditure in these mice is 
probably not important, at least in the A lines (Bishop, 1985) and this may likely 
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be true for the M lines since the brown adipose tissue assumes less role in 
energy expenditure of adult mammals. Selection is practised between 8 and 10 
weeks of age in the latter lines. A worthy experimental study will be to try to 
examine the contributions made by other components of maintenance requirement 
in the differences in energy expenditure in the A and M line mice. 
The genetically large, PH mice fed the cafeteria diet had the highest 
growth rate on the cafeteria diet, which was achieved by decreased basal 
metabolic rate (or energy used for maintenance) in relation to their body weight, 
which is in accord with some mouse data (Kownacki et al, 1975; Kownacki and 
Kellner, 1978; Bernier et al, 1986) in which evidence was found of decreases in 
energy used for maintenance after selecting mice for growth rate and in mice 
with a major gene for increases in postweaning growth. 
Genetically fat, FH mice had the highest proportional gain of all the lines 
indicating that although fat is more expensive to deposit, it is more efficient to 
maintain. This result is consistent with the lack of difference in basal metabolic 
rate between the F lines mice despite differing in body weight. 
The results of all cafeteria-fed mice are consistent with several other 
similar studies (e.g Rothwell et al, 1982) on cafeteria feeding. Increased energy 
intake in excess of maintenance requirement resulted in more fat deposition and 
energy expenditure and because these traits are inversely related to feed 
efficiency,, the overall effect of increasing intake in excess of maintenance 
becomes inefficient unless it is also accompanied by an increased growth rate. 
The main significance of the present study to farm livestock production is the 
observation of genetic differences in energy partition among the different 
populations. Whereas the cafeteria-fed FH line mice diverted almost all their 
excess energy intake towards fat deposition, those of the PH line seemed to 
utilize the the excess energy intake to deposit more lean along with the fat, 
*1 
thereby achieving higher growth rate. Note that the P lines were not selected for 
body weight per se, which is often accompanied by correlated responses in 
fatness (e.g McPhee and Neill, 1976), but for an index of either increase or 
decrease in body weight and minimal changes in fat percentage. Eisen and 
Prasetyo (1988) showed that the index used for the PH lines is almost equivalent 
to a restricted index aimed at producing a zero response in the fat trait while 
maximizing response in body weight. Because of the strong genetic relationships 
between growth rate, fat content and food intake, the constraint imposed on 
changes in fatness has produced animals with higher growth rate (PH line) but eat 
less in relation to their body weight compared with their counter parts of low 
growth rate (PL line). 
The mouse, however, expends a relatively higher proportion of food 
intake in heat production than most farm species, particularly the pig, so any 
extrapolation from the mouse to farm species should take account of these 
metabolic differences. Maintenance requirement accounts for about 72 to 85% of 
food intake in the mouse during the period of fastest growth (Stephenson and 
Malik, 1984). This contrasts with most farm species, the most extreme example 
being the pig which utilizes only about 30% of its intake for maintenance. In this 
species, food restriction has been necessary to produce carcasses of optimum 
fatness. However, with improvements in genotype an increase in food 
consumption is required to avoid limitations on growth rate. The report of 
Campbell and Traverener (1985) in the pig provide some support for the 
implication of the results reported here. In cattle and sheep, the proportion of 
energy intake above that required for maintenance is much lower than that in 
pigs. This suggests that if populations of high lean growth can be established, it 
may be possible to achieve further increase in levels of production through 
increased feeding levels. 
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3.5. Summary 
Genetic differences in energy partition in response to increases in levels 
of energy intake in excess of maintenance were investigated high (H) and low (L) 
for A, F, P and M lines. 
In each line, either a varied high energy food of stock diet, walnuts and 
cheese (cafeteria) or stock diet alone (control) was fed ad libitum during the 
period from 4 to 6 weeks of age, an age interval representing the period of 
fastest growth. 
In general, cafeteria feeding resulted in increased energy intake, weight 
gain, basal metabolic rate and fat deposition in all lines. The cafeteria-fed AH line 
mice ate more and had higher basal metabolic rate than their counterparts in the 
AL line. In the F lines, the FH line gained most and deposited most fat than all the 
lines on the cafeteria diet. The PH line had the highest increase in growth and had 
lower basal metabolic rate in relation to their body weight. The M lines had 
similar food intake and body weight, but the MH line had higher metabolic rate 
than the ML line. These results show that there is physiological variation in the 
partitioning of feed energy between the different populations, with the tendency 
for the increase in efficiency in the PH line mice with increased energy intake. 
A version of this chapter has been accepted for publication under joint 
authorship with my supervisors, see list of publications for reference. 
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CHAPTER 4 
ENERGY PARTITIONING. 2. EFFECT OF RESTRICTED FEEDING IN THE F LINE MICE 
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4.1. Introduction 
In Chapter 3, it was observed that feeding a high energy (cafeteria) diet 
has further increased the differences in energy intake and fat content between the 
high and low F line mice. Differences in energy intake in relation to body weight 
were also found previously to be largest during the period of fastest growth, with 
little or no differences at later stages of growth (Bishop, 1985). Further, Asante at 
al (1989) and Hastings and Hill (1989) report evidence of correlated responses in 
the concentrations of lipogenic enzymes in the direction of selection, the 
differences being larger at 5 than at 10 weeks of age. Five weeks falls within the 
period described in the present study as corresponding with the period of fastest 
growth (4 to 6 weeks). 
These findings suggest that the sources of variation utilized in the F lines 
are either: 
There are differences in metabolic efficiency, indicated by an increase in energy 
gain per unit food energy in the FH mice. The increase in metabolic efficiency in 
the FH mice is associated with increased concentrations of lipogenic enzymes and 
in the rate of flux through the fatty acid synthesis pathway (Asante, 1988) 
compared to either those of control or low line mice. The increased rate of 
lipogenesis may, therefore, act as a determinant for increased substrate demand, 
inevitably resulting in increased food intake to meet this requirement. This 
suggests that real changes in the partitioning of metabolizable energy towards fat 
deposition have occurred. 
The differences in fatness are achieved by the differences in food intake during 
the period of fastest growth. Despite the reduced concentrations of Iipogenic 
enzymes and in intake above maintenance requirement during later stages of 
growth, divergence in fat content seems to continue even at ages above 20 
weeks (J. Yang and I. Hastings, personal communication). These, however, suggest 
a cumulative effect in the FH and that no changes in partitioning of food between 
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fat and protein deposition have occurred. 
Pair-feeding methods have been extensively utilized to assess genetic 
and physiological bases of changed phenotype following selection. For example 
LeClercq and Saadoun (1982) restricted food intake to varying degrees (90, 75, 60 
and 45% of ad fib intake of groups of the same lines) in broilers selected for high 
and low abdominal fat. They found that the birds selected for low fat content have 
faster growth rates and lower levels of fat on all levels of restriction except at 
45%. LeClercq and Saadoun concluded that difference in food intake is not the 
primary cause of difference in fat content between the lines. 
The experiment reported in this chapter has utilized the pair-feeding 
approach to examine the extent of genetic control of energy partitioning in the F 
line mice. 
4.2. Materials and Methods 
Animals and Experimental design: 
Mice Used in this study were sampled from generations 35 and 36 of 
replicates 1, 2 and 3 of the F lines. These represent 14 and 15 generations 
respectively of relaxed selection in these lines. Mice from generation 35 were 
used to establish 4 and 5 week body weights, food intake and carcass 
composition at 4 weeks of age in these lines following the relaxed selection, as 
these were requisite information for estimating food allocations to be given to 
mice in generation 36. 
From each of the high (FH) and low (FL) lines of replicates 1, 2 and 3, 
four full-sib families were chosen at random. Within each family, 8 mice, 
comprising 4 males and 4 females were sampled, mice of the same sex and line 
used to make up numbers where necessary. The test period chosen for the study 
was between 4 and 6 weeks, because this age interval represents the period of 
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fastest growth. Two mice of the same sex and family were killed at 4 weeks of 
age for estimation of carcass composition at this age. The remainder were housed 
individually in cages in a room maintained at 27 °C with a 12 h light/dark cycle. 
Mice were allowed free access to food and water from 4 to 6 weeks of age. Body 
weights at 4, 5 and 6 weeks and weekly food intakes were recorded. Mice were 
killed at 6 weeks and carcasses kept frozen until analysis. 
Mice used for the pair-feeding experiment were sampled from generation 
36. Four families were chosen from each of the 6 (3 FH and 3 FL) lines and 6 
mice, comprising 3 males and 3 females were sampled at random. These were 
caged individually and kept under the same conditions as for the ad fib fed mice 
in the previous generation. Mice were allocated food based on their body weights 
at 4 and 5 weeks and sex using within sex regression equations derived using the 
FL mice data in the previous generation. Estimates were based on body weight 
rather than lean mass, partly because of the unavailability of carcass composition 
at the time of the experiment but mainly because of the practical difficulties of 
estimating food allocation to a mouse that will satisfy its maintenance 
requirements other than that accounted for by lean mass. The main objective 
was to compare carcass composition in both lines on equal food intake. To 
minimize food refusals, particularly by the FL mice, about 95% of estimated ad lib 
food intake was allocated. Mice were killed at the end of the test period and 
carcasses kept frozen until analysis. 
Carcasses were later freeze-dried and weighed. Within each line, mouse 
carcasses were pooled to make up samples, each sample consisting of carcasses 
of mice of the same sex and line pooled over 2 families, giving 4 samples per line 
and feeding regime. These were minced and ground to a fine homogeneous 
powder in a centrifugal mill, sieve size 2mm. Nitrogen and Ether extract (fat) were 
determined by the Advisory Nutrition Department of the Edinburgh School of 




Four-week body weights of mice of generation 35 that were slaughtered 
at 4 weeks were analysed assuming the following model: 
Yijklm = U + D i + R 1  + Sk + (DR) 11 + (DS)Ik + (RS) J k + F 1 1 + eji kim 
where: 
Vijklm is the observation on the mh  mouse in the 
,th  family, of the kth  sex in the 
1th replicate of the ith  direction of selection; 
i is the overall mean; 
D i is the effect of the ith  direction of selection (high or low; i = 1,2); 
R is the effect of the jth  replicate (j = 1,2,3); 
Sk is the effect of the k th  sex (male or female; k = 1,2); 
(OR) 1 , ( DS)k and (RS) J k denote interactions; 
F 111 is the effect of the Ith  family in the j
th replicate of the ith  direction of selection; 
ejikim is the residual error term associated with the observation on the m h mouse. 
A subset of the model without family effects was used for carcass 
components (fat and protein contents), Yijkm representing the observation on the 
m th sample pooled over families. Effects of direction of selection and sex were 
tested against their respective interactions with replicates, all other effects against 
family and family against the residual. 
Body weights at 4 and 6 weeks, weight gain, food intake, and carcass fat 
and protein contents in mice fed ad fib/turn (generation 35) and to scale 
(generation 36) were analysed assuming a model: 
'' ijkIm = 	+ 0, + R 1 + Sk + F 1 +(all two-way and nn interactions) + ejikim 
where: 
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R 1 is the effect of the jth  replicate in the ith  direction of selection; 
F 1 is the effect of the 1th  feeding level (ad fib/turn or scale (I = 1,2); 
and all other symbols as above. 
A nested model of replicates within direction of selection was used here 
and not in subsequent analysis because of the non contemporaneous tests of ad 
fib and scale fed mice, corresponding replicates being tested at different times. 
Fixed effects of direction of selection, sex and two-way interactions of direction 
and sex by feeding level were tested against nn interactions of feeding level or 
sex by replicate within direction of selection, these and replicate effects tested 
against the residual. Standard errors of difference of replicate means and of 
sexes were computed based on the residual variances and nn interactions of 
feeding level or sex by replicates within feeding level respectively. 
4.3. Results 
Tables 4.1 and 4.2 show the means and corresponding analyses of 
variance respectively for body weight and carcass composition of 4-week-old 
mice slaughtered at 4 weeks of age in generation 35. The FH mice were slightly 
heavier associated with higher fat content than the FL mice. Protein content (in 
grams) was also higher in FH, but the FL had higher values in relation to body 
weight. 
Mean body weights at 4 and 6 weeks, weight gain, food intake and 
carcass composition for ad fib. and scale fed mice are shown in Table 4.3 and 
corresponding analyses of variance in Table 4.4. Effects of main interest are 
those of direction of selection and direction by feeding level interactions, and 
although of less important in the discussion of results, the effect of replicates. 
Other effects, namely fixed effects of feeding level and sex which are obvious, are 
not considered further. It should be noted, however, that differences in 4-week 
weights between feeding levels were small. Of all the fixed effects, the F ratio for 
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feeding level was smallest (Table 4.4). The intention to have mice start on the 
two feeding regimes at similar body weights was, therefore, realized despite the 
fact that these mice were sampled from different generations. Four-week weights 
were slightly lower for both lines than those of replicate 6 mice used in the 
previous experiment (Chapter 3), but 6 week weights are within a close range. 
Replicate 6 mice represent the pooled lines of replicates 1, 2 and 3, in which 
selection is still practised. There were large replicate differences in body weights. 
Except in the ad fib fed FL lines, body weights were lowest in replicate 3 mice, 
intermediate in replicate 2 and highest in replicate 1 mice. These differences 
indicate variation between replicates although some may be associated with 
sampling error. 
The objective to have mice consume similar amounts of food on scale 
feeding was partly achieved. Although the FH mice had slightly higher food intake, 
the difference in food intake is not significant (Table 4.4). 
Weight gains on scale feeding were lower in FH than FL mice, although 
there were large replicate variation. The FH mice were, however, heavier and fatter 
than those of the FL on both feeding regimes. Protein content (in grams) was 
also slightly higher in the FH than the FL mice. The FL had higher values in 
relation to body weight on both feeding regimes, however. For all traits, the 
variance of direction by feeding level interaction was small and not significant. 
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Table 4.1 
Least squares means for body weight and carcass composition in 
mice slaughtered at 4 weeks of age in generation 35. 
Body weight 
Rep. High (H) 	Low (L) S.E) 
1 	16.7 	14.9 
2 16.4 14.1 
3 	14.0 	15.5 





Rep. H L 	(S-E) H L 	(S.E) 
1 9.03 6.49 1.54 0.96 
2 7.36 4.60 1.29 0.58 
3 8.85 4.30 1.24 0.56 





Rep. H L 	(S.E) H L 	(S.E) 
1 16.2 16.9 2.76 2.50 
2 16.1 16.6 2.78 2.11 
3 16.3 16.9 2.24 2.23 
Mean 16.2 16.7 	(0.126) 2.59 2.28 	(0.274) 
(S.E) = Standard errors of difference of replicate means. 
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Table 4.2 
Analysis of variance of body weight and carcass composition in 
mice slaughtered at 4 weeks in generation 35. 
Sources of 
variation d.f. 	 Mean squares 
Body 
weight Fat content Protein content 
(g) (%) (g) (%) (g) 
Direction of 
selection 1 18.11 48.46* 1.935** 1.756** 0.423 
Replicate 2 8.92 5.52 0.253 0.107 0.254 
Sex 1 26.99 1.62 0.013 0.002 0.037 
Dir X Rep 2 35.11 1.78 0.009 0.015 0.149 
Dir X Sex 1 8.70 0.01 0.003 0.112 0.025 
Sex X Rep 2 2.80 0.22 0.016 0.198 0.006 
Family 18 23.50** - - - - 
Residual 68 1 2.86 2.86 0.139 0.081 0.113 
* P < 0.05, ** p < 0.01; effects of direction of selection and sex 
were tested against their respective interactions with replicates, 
other effects were tested against family and family against the 
residual. Where there was no family effect, these effects were 
tested against the residual. 
td.f. = 10 for fat and protein contents. 
Table 4.3 
Means of body weights, weight gain, food intake and carcass 
composition in ad/lb and scale fed mice. 
Ad libitum 
4-week weight (g) 
Rep. 	High (H) 	Low (L) 
1 16.7 	 14.1 
2 	15.9 14.4 
3 13.4 	 15.2 
Mean 	15.3 14.6 
M = 15.3 	F = 14.6  





15.4 14.0 	(0.563) 






M = 22.6 
6-week weight (g) 
L 	 H 	 L 
	
20.1 21.9 19.8 
22.4 	 18.5 	 17.9 
22.0 17.2 18.0 
21.5 	 19.2 	 18.6 (0.618) 






M = 7.36  











3.89 4.55 	(0.670) 
M = 4.82 F = 3.61 (0.476) 






M = 53.1 
L H L 
42.3 48.7 43.6 
53.9 43.2 43.6 
55.2 42.3 41.2 
50.4 44.7 42.8 	(2.57) 
F = 51.7 M = 44.5 	F = 43.1 	(1.38) 
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Table 4.3 (continued) 
Ad libitum 
	 scale 	(S.E) 
Fat content (%) 
Rep. H L 
1 10.68 6.90 
2 8.22 5.63 
3 12.58 5.98 
Mean 10.49 6.17 





8.85 5.34 	(0.552) 
M = 6.82 	F = 7.36 	(0.537) 
Fat content (g) 
Rep. H L a L 
1 3.39 1.62 1.76 1.37 
2 1.70 1.27 1.39 0.88 
3 2.44 1.29 1.88 0.76 
Mean 2.51 1.39 1.68 1.00 (0.226) 
M = 2.00 	F = 1.91 M = 1.36 	F = 1.31 (0.139) 
Protein content (%) 
Rep. H L H L 
1 16.80 17.25 19.36 19.20 
2 17.87 17.71 18.88 20.18 
3 17.72 20.13 18.75 19.39 
Mean 17.46 18.36 18.99 19.59 (0.543) 
M = 18.59 	F = 17.24 	 M = 19.54 	F = 19.05 (0.332) 
Protein content (g) 
Rep. H L 
1 5.45 4.04 
2 3.63 3.97 
3 3.49 4.07 
Mean 4.19 4.02 





3.64 3.61 	(0.209) 
M = 3.87 F = 340 (0.159) 
(SE) = Standard errors of difference of replicate means and of 
sexes based on the residual variances and feeding level or sex by 
replicates within direction of selection interactions. 
Table 4.4 
Analysis of variance of (a) body weights, weight gain and food 




	 Mean squares 
4-week 	6-week 	Weight 	Food 
weight weight gain intake 
(g) 	(g) 	(g) 	(g) 
Direction of 
selection 1 58.63 33.10 2.65 442.97 
Rep./Dir 4 65.87** 105.25** 8.60* 444.48** 
Sex 1 23.47* 137.20* 43.39 107.42 
Feeding level 1 2.26 497.41* 423.19* 3866.20* 
Dir X FDL 1 4.69 1.21 10.15 49.74 
Dir X Sex 1 12.32 15.21 0.41 5.53 
Sex X FDL 1 0.01 6.27 5.23 0.05 
FDL X Rep./Dir 4 25.06** 26.96** 21.97** 333.08** 
Sex X Rep./Dir 4 1.81 16.53* 9.61* 18.07 




	 Mean squares 
Fat content 	 Protein content 
(%) 	 (g) 	(%) 	 (g) 
Direction of 
selection 1 179.49* 9.666** 5.47 0.109 
Rep./Dir 4 18.54 1.346 1.83 2.630 
Sex 1 3.67 0.063 8.32** 3.515 
Feeding level 1 19.81 4.502 25.28 2.769 
Dir X FDL 1 1.15 0.599 0.08 0.054 
Dir X Sex 1 4.22 0.043 1.46 0.089 
Sex X FDL 1 0.00 0.005 1.41 0.048 
FOL X Rep./Dir 4 2.13 0.508** 2.98** 0.343 
Sex X Rep./Dir 4 1.93 0.125 0.76 0.118 
Residual 29 1.53 0.106 0.56 0.181 
* P < 0.05, ** P < 0.01; effects of direction of selection, sex 
and all two-way interactions were tested against nn 
interactions of direction or sex by replicates within direction 
of selection, these and other effects against the residual. 
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4.4. Discussion 
The data show that the differences in body weight and carcass 
composition between lines are not altered after 14 generations of relaxed 
selection. Body weights and carcass composition of 4 and 6-week-old ad lib. fed 
mice found in the present study are comparable with those reported previously 
for generation 14 mice (Bishop, 1985). Although differences in body composition 
are already established at 4 weeks, attempts have not been made to examine the 
bases of differences prior to this age. Available evidence in ob/ob mice and fatty 
rats suggest that excessive deposition of fat already starts and obesity is 
established during the suckling period and in the early post-weaning phase (see 
Trayhurn and James, 1983). The main attention in the present study was, 
therefore, focused on the period of fastest growth. The hypothesis tested was 
that if selection for differences in fat content utilizes genetic variation in food 
intake during the period of fastest growth, then the suppression of this variation 
by feeding comparable amounts of food in both lines should result in the 
deposition of less fat and more protein by the fat mice, considering that the 
deposition of protein is takes priority to fat deposition during growth. The results 
indicate that this is not the case in the FH mice. For they deposited more fat than 
the FL mice during the test period, despite the more severe degree , of food 
restriction in these lines. The proportional decrease in weight of fat in the scale 
fed mice compared with same line groups fed ad fib was lower (33%) in the FH 
than in the FL (39%). This was mirrored by the proportional decrease in weight of 
protein, 13% in the FH and 10% in the FL. The FH mice, therefore, show less 
priority for protein deposition than those of the FL. These results are in 
agreement with chicken data of LeClercq and Saadoun (1982), who also found that 
differences in carcass composition between broiler chickens selected for high and 
low abdominal fat remain unchanged by pair-feeding to varying degrees of 
restricted feeding in both lines. In the present study, the interaction of direction 
of selection by feeding regime for fat content was small and non significant. 
MI 
These results parallel those in chapter 3. Whereas feeding a high energy diet 
increased fat content, scale feeding has decreased fat content in both lines and 
the ranking of lines in fat content remains the same. 
[r] 
CHAPTER 5 
ENERGY EXPENDITURE AND LOCOMOTOR ACTIVITY IN A AND M LINE MICE 
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5.1. Introduction 
Responses to selection usually produce correlated changes in several 
traits. For example, selection for food intake is associated with correlated 
responses in body weight (Sutherland et al. 1970, Pym and Nicholls 1979, Sharp et 
al. 1984) and metabolic rate (Pym and Farrell 1977, Bishop and Hill 1985). 
However, correlated responses in body composition differed between these 
studies. Whereas selection for absolute amount of food intake produced fatter 
animals (Biondini et al. 1968, Pym and Solvyns 1979), in mice and poultry 
respectively, mice selected for food intake relative to body weight became leaner 
than either controls or divergently selected low intake lines (Hastings and Hill 
1989). The sources of variation in metabolic rate associated with increased food 
intake, therefore, need to be understood. Several attempts have been made to 
explain the higher metabolic rate in the high than in the low mouse lines of Sharp 
et al. Bishop (1985) found that scaling metabolic rate by lean mass could not 
account for the differences, nor could they be explained by changes in either 
mass of brown adipose tissue or temperature adaptation effects, and Parker (1988) 
found that the low lines had rather higher protein turnover than the high lines. 
Results in Chapter 3 of the present study also indicate no significant difference 
between lines in the ability to metabolize food energy. The sources of variation 
in energy utilization, therefore, remain unknown. 
Other sources of energy expenditure include the heat increment of 
feeding and that due to activity. The former has no effect under basal conditions 
since this source of variation is removed in fasted animals. Activity, however, has 
been found to play a significant role in energy expenditure in pigs (Halter et al. 
1980, Verstegen et al. 1982), poultry (Macleod et al. 1982, Boshouwers and Nicaise 
1987) and mice (Dauncey 1986). Macleod et al. (1982) report that activity 
accounted for about 9 and 15% of heat production in fasting and fed chickens 
respectively. Verstegen et al. (1982) found that activity accounted for about 15 to 
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30% of total maintenance requirements in pigs. Differences in metabolic rate in 
lean and obese (ob/ob) mouse genotypes were associated with differences in 
activity (Dauncey 1986). The lean genotype had a higher metabolic rate 
accompanied by higher levels of activity (60% more active) than the obese 
genotype. There is also evidence suggesting that other behavioural traits which 
may affect maintenance requirement change as correlated responses to selection. 
Lynch and Roberts (1984) reported that lines of mice selected for high body 
weight build better nests than those selected divergently for low body weight, 
thus the "large" mice conserve more energy for growth, which would have been 
otherwise expended to maintain body temperature. 
A simultaneous measurement of fasting heat production and activity 
allows for activity-related heat production to be derived. Measurement of activity 
in mice is, however, more often confounded with other effects, particularly 
reactivity, defined as the increase in levels of activity following transfer to an alien 
environment (Simmel and Bagwell 1983). The aims of the present study were to 
minimize this effect and examine the contribution made by locomotor activity to 
the differences in energy utilization in mice selected high or low for food intake 
corrected for body weight. 
5.2. Materials and Methods 
Animals and laboratory procedures: 
The mice used in this study were sampled from generation 34 of 
selection in A lines and generation 12 in M lines. Replicates "6" of A and 1, 2 and 
3 of M lines were used. From each line, 8 (for A lines) and 4 (for M lines) full-sib 
families were chosen at random, and from within each of these families, 2 male 
and 2 female mice were sampled at weaning (3 weeks of age) when available, 
otherwise mice from other families of the same line and sex were used to make 
up numbers. 
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Measurements of body weight, fasting heat production and locomotor 
activity were made both at a young age (3 to 4 weeks of age) and at an old age 
(10 to 11 weeks of age) in the A lines. The M lines were observed at 10 to 11 
weeks of age alone. These age intervals were chosen because they represent 
ages at or about selection as well as age approaching maturity. Fasting heat 
production and locomotor activity were measured using the same respiration 
calorimeter described in Chapter 3 and a video tape recorder respectively. 
Observations were made at temperatures of 291 °C, within the thermoneutral 
zone. Measurements were made on pairs of mice of the same sex and line. Pairs 
of mice rather than singles were used in an attempt to reduce stress, which can 
be exaggerated by isolation in the calorimeter chambers. 
Fasting heat production and activity were measured at the same time 
during the initial 3 h period, fasting heat production measured alone for the 
remaining 3 h. Mice were placed in the calorimeter at about 9.00 h, using the first 
hour as a habituation period, measurements started at about 10.00 h every day. 
Total heat production (kJ/day) was evaluated in the same procedure as in 
previous calorimetry study (Chapter 3). 
Activity score was obtained by observing both mice of a pair over the 
entire 3 h period and allocating the different forms of locomotion into two activity 
indices: either minor activity (1) for a mouse that walks, sitting with little 
movements, or rearing, i.e., standing on the hind legs; or major activity (2) for 
running across or around the chamber, or jumping. No score was allotted to a 
mouse that lay quietly. A unit of activity was defined as the activity performed 
until a mouse stops or changes the pattern of activity from one form to another. 
Different types of movements were almost discrete. There were no indications of 
persistent movements, e.g., continuous running across or around the chambers, in 
any of the lines Perhaps it is because these forms of activity demand more 
energy. To enable observations on both members of a pair during fast 
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movements, e.g., when both were running or jumping concurrently, one mouse 
was observed at a time. Rapid movements were noticed only during the first hour 
of observation. The data presented are sums of the observations on both animals 
of a pair over the entire 3 h period. 
Energy expenditure related to body mass can be expressed by scaling it 
with body mass raised to an exponent (L, the 'b' value being the regression 
coefficient of log energy expenditure on log body mass. The coefficient is less 
than unity in most mammals but differs between species, and to some extent 
within species (for a review, see McNab 1988). A regression analysis of 
logarithms of heat production on logarithms of body weight in the present data 
revealed that the bvalues were 0.640.12, 0.630.09 and 0.650.11 in 3 to 4 weeks 
and 10 to 11 weeks A lines, and in M lines respectively. The average value 0.64 
was chosen as the mass (kg) exponent to scale total heat production in an 
attempt to remove differences due to body size. Except for the lower values 
realized using a mass exponent of 0.64, the conclusions were the same with 
results obtained using 0.75 as the mass exponent. So the data presented here 
were scaled by 0.75 in order to remain consistent with the data presented in 
chapter 3 and most in literature. Because of heterogeneity of variances and 
skewness in the raw data for activity score, logarithmic transformations were 
applied to bring the data closer to normality. However, raw data were used to 
evaluate and account for metabolic heat production associated with activity score. 
Statistical analysis: 
Data from the two selection criteria (A and M) were analysed separately 
using least-squares analysis of variance (LSMLMW. Harvey 1985). For the A lines, 
the sample size was reduced to 59 because of some occasional problems with 
the calorimetry equipment and the death of some animals during the course of 
the experiment. The model used for analysis was: 
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'1 ijklm = p + Di + A + Sk + C 1 + (all two-way interactions) + ikm + ej i ki m 
where: 
''ijkIm is the record on the m t  pair, in the 11h chamber, of the 
kth  sex, at the jth 
age, in the i th direction of selection; 
V is the overall mean; 
D i is the effect of the ith direction of selection (high or low, i = 1,2); 
A is the effect of the j' age (young or old, j =1,2); 
Sk is the effect of the kth  sex (male or female, k = 1,2); 
C 1 is the effect of the 
1th  metabolic chamber (1, 2, 3); 
1ikm is the random effect of the mt 
h  pair of the kth sex in the ith direction of 
selection, with a being its component of variance; 
ej i kim is the error term, with a being its variance component. 
Repeatability was defined as cy /(o + 
Terms for the partial regression on either activity score or body weight 
were added to the model for metabolic heat production and activity respectively 
to account for that due to differences in these traits. Effects were tested against 
pairs, while pairs were tested against the residual. For the M lines, the same 
model was used, but with an effect for replicate (R = 1, 2, 3). Replicates were 
maintained under the same management conditions: differences between 
replicates, if found, would therefore include that due to random genetic drift 
variance, so the appropriate main effects were tested against their interaction with 
the replicates. 
5.3. Results 
A between line-difference in levels of activity was observed in the A 
lines at 3 to 4 weeks of age. The high line (AH) mice were more active than the 
low line (AL) mice (Table 5.1), although not significantly so (Table 5.2). There were, 
however, corresponding differences in body weight at this age, although the 
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intention of the selection index was to minimize differences in this trait. This 
observation was partly due to slight and intentional differences in age at 
calorimetry, the AH line mice being older (with an average of 3.7 weeks of age), 
while the AL line mice were at an average of 3 weeks of age. These differences 
were because mice had to be taken when available from the main selection 
experiment. Total heat production was also higher in the AH line, but there was 
no significant difference between lines when scaled by metabolic weight (kg 
0.75). 
At an older age (10- to 1 1-week-old), the levels of activity has declined sharply in 
both lines. The AH line mice were still heavier and had a higher metabolic rate, 
but the AL line became slightly more active. The differences in activity at the 
older age were associated with the differences in body weight. Adding a term for 
within-age partial regressions on body weight showed that activity was negatively 
correlated (r = -0.58 n = 59; P<0.01) with body weight, overall. Levels of activity 
had little effect on either metabolic rate itself or high-low differences, although 
there was a positive association (r = 0.63 n = 59; P<0.01) between levels of 
activity and metabolic rate. There were sex differences for all traits, but these 
differences were not consistent. Whereas the males were heavier and more active 
at both ages, the females had a higher metabolic rate at 10 to 11 weeks. 
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Table 5. 1. 
Least-Squares Means, Divergence 1 and coefficient of variation (C.V.) 
in body weight and energy expenditure traits for the appetite 
high (AR) and appetite low (AL) lines measured at (a) 3 to 4 
and (b) 10 to 11 weeks of age. 
Body Total heat Metabolic heat Activity 
weight production production Score 
Line (g) (kJ/pair/day) (kJ/kgO.Th/day) (per pair/3h) 
(a) 3 to 4 weeks of age 
AR 20.6 51.9 480 252 
AL 15.4 43.6 502 204 
Overall mean 18.0 47.8 491 228 
Divergence(%) 29 17 -4 21 
C.V.(%) 14.1 14.9 14.2 21.5 
Males 19.0 45.5 450 256 
Females 17.0 50.0 531 200 
(b) 10 to 11 weeks of age 
AR 34.9 60.0 368 88 
AL 28.9 50.6 361 94 
Overall mean 31.9 55.3 365 91 
Divergence(%) 18 18 2 .7 
C.V.(%) 
0 	
99 8.3 6.4 30.4 
Males 35.7 55.5 320 101 
Females 28.2 55.1 410 81 









Dir xCh 2 
Age XSex 1 
Age xCho 2 






Mean Squares for body weight and energy expenditure traits: total 
heat production (TaP), metabolic heat production (MEP) and after 
regression on activity score, activity score (AS), and loglo AS 





Total heat Metabolic heat 
Body weight production production 
(g) (kJ/pair/day) (kJ/kg075/day) 
395.7** 987.8** 731 
2400.1** 702.2** 195287** 
23.0 4.4 7411 
20.9 0.8 3602 
1.7 3.5 2403 
34.8 51.4 492 
0.7 3.1 907 
98.2* 72.5 273 
1.4 21.5 1201 
23.3 57.0 1770 
18.1* 71.3 5825 
7.1 49.7 3382 
0.50 0.22 31 
MUP after AS after 
regression on regression on 
activity AS body weight 
(kJ/kg075/day) (per pair/3h) (per pair/3h) 
521 5695 2735 
18127** 230139** 6160 
6833 1476 2317 
3590 404 478 
1613 8583 2819 
426 1673 2676 
905 594 516 
269 3737 535 
1166 4469 4651 
1773 239 469 
5446 3816* 3677* 
91 
- 699 
36062 1405 1527 
















* P < 0.05, ** P < 0.01; Pairs tested against residual, all other 
effects against pairs. 
1.2 3and4d.f. = I (pooled regression), 15, 2 (within-age regressions) 
and 14 respectively. 
5Repeatability was defined as the ratio of the variance between pairs 
to the sum of variance between pairs and error variance. 
Data on the M lines are presented in Table 3, and their corresponding 
analyses of variance in Table 4. An important feature in these lines was the use 
of replication. There were consistent differences between replicates, replicate 2 
being heavier, and less active than the other replicates. As in the A lines, the 
difference between directions of selection in activity score was not significant in 
the raw data which was again attributed to heterogeneity of variance. The 
coefficient of variation of activity score was higher in the MH, about two folds 
that in the ML lines. A log transformation revealed that the high lines were 
significantly (P<0.05) more active than the low lines. These differences were 
accompanied by similar differences in metabolic heat production. However, no 
significant difference in body weight was found. There were sex differences for 
all traits, males having higher values. In general, however, the proportion of 
fasting metabolic rate accounted for by activity, i.e., metabolic heat production 
less that corrected for activity was found to be generally small, mostly less than 
5%. The corrected means were 406 and 385 kJ/kg 075/day for MH and ML lines. 
Corresponding values for AH and AL lines at 3 to 4 weeks of age were almost the 
same as that of uncorrected means, slightly lower at 10 to 11 weeks of age 366 
and 360 kJ/kg 075/day for AH and AL respectively. 
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Table 5.3. 
Least-Squares means and coefficient of variation of body weight 
and energy expenditure traits for the high food intake (MB) 
and low food intake (ML) M lines at 10 to 11 weeks of age. 
Line 	Rep. Body Total heat Metabolic heat Activity 
weight production production score 
(g) (kJ/pair/day) (kJ/kgO.Th/day) (per pair/3h) 
MB 	1 26.8 54.5 410 170 
2 32.0 57.2 377 96 
3 27.3 58.1 435 123 
Mean 28.7 56.6 407 130 
C.V.(%) 4.5 6.4 4.9 42.6 
ML 	1 27.4 52.3 387 111 
2 31.3 54.2 363 80 
3 28.9 57.3 410 94 
Mean 29.2 54.6 386 95 
C.V.(%) 6.1 6.1 4.9 24.8 
Divergence (%)1 -1.7 3.6 5.3 31.1 
Males 31.2 58.4 395 127 
Females 26.8 52.8 399 98 
1 Divergence = 2(H-L)/(B+L) X 100 
[:1,] 
Total heat 	Metabolic heat 
Body weight 	production production 









Rep xSex 2 
Rep xchm 4 
Sex xchm 2 
Regression 2 
(within direction) 

















































1768 	 0.0200 
OD 
Table 5.4 
Mean Squares for body weight and energy expenditure traits: total 
heat production, metabolic heat production (MUP) and after regression 
on activity score (AS), and log10 AS for the M lines. 
Sources of 	 Mean squares 
















* P < 0.05, ** P < 0.01; effects of direction, sex and chamber 
were tested against their respective interactions with replicates, 
all others against residual. 
1d.f. = 26 
5.4. Discussion 
These results imply that the correlated responses in leanness and 
metabolic rate to selection for food intake, corrected for body weight may be 
partly ascribed to correlated response in physical activity. For both selection 
criteria, the mice selected in the upward direction were more active than those 
selected in the downward direction. In the A lines, these differences were 
observed at the younger age (3 to 4 weeks of age) near to the age at selection, 
although these differences were not significant. At an age approaching maturity 
(10 to 11 weeks of age), the low lines tended to become more active. However, 
the levels of activity had declined sharply in both lines, compatible with the fact 
that physical activity decreases with age (Halter et al. 1980, Verstegen et al. 1982). 
The M lines showed differences in both activity and metabolic rate at 10 to 11 
weeks of age, which in these lines represents an age interval immediately 
following the age at selection (8 to 10 weeks of age). These lines provide a more 
useful model for studying the various components of maintenance requirement, 
for they have responded to selection, i.e., they show consistent divergence in food 
intake in the direction of selection, but have changed very little in body weight. 
Therefore, an account of the excess energy ingested would provide some 
explanation of the genetic variation in maintenance requirement. The present 
study indicates small, but significant increase in metabolic rate and activity in the 
high lines. Although there were consistent between-replicate differences in both 
body weight and the energy expenditure traits, line differences within replicates 
were consistently observed. 
The present study also suggests that there is some relationship between 
locomotor activity and energy expenditure as in other studies where simultaneous 
measurements were conducted. The proportion of basal energy expenditure 
accounted for by activity was small, mostly less than 5%, but similar to other 
previous reports for mice (Trayhurn et al. 1979). The differences in activity found 
in the present study were observed under bright illumination and fasting 
conditions, suggesting that they are likely to be sustained or possibly exaggerated 
under normal conditions in stock cages. Mice and rats tend to have increased 
nocturnal activity and metabolic rate (Mount and Willmott 1967, Anderson and 
Smith 1987). Reports in the chicken, however, indicate that activity-related energy 
expenditure is positively correlated with light intensity (Boshouwers and Nicaise 
1987). These differences are mainly due to the difference in circadian rythm 
between these species, the rodents being nocturnal whereas chickens are diurnal. 
The results of the present study therefore provide some evidence to 
suggest that selection for food intake adjusted for body weight has led to 
correlated changes in physical activity. In consequence, mice selected for high 
food intake relative to body weight expend some of the excess assimilated food 
energy intake on activity rather than using it to produce body mass, and are, 
therefore, slightly leaner than their low intake counterparts. 
5.5. Summary 
The aim of this experiment was to examine the differences in physical 
activity and its contribution to differences in 	energy utilization in mice selected 
either 	high 	or 	low 	for food 	intake 	adjusted 	for body weight, which show 
correlated 	responses 	in lean 	content 	and 	metabolic rate. Simultaneous 
measurements of fasting metabolic rate and activity were made in A and M line 
mice. 
Correlated response in metabolic rate was found to have been 
accompanied by changes in locomotor activity near the ages at selection in both 
sets of lines. Activity, however, accounted for only a small proportion of variation 
in fasting heat production, generally less than 5%, although a highly positive 
correlation (r = 0.63) between the two traits was found. 
It was concluded that selection for food intake adjusted for body weight 
has led to correlated response in physical activity. In consequence, mice selected 
in the upward direction expend some of the excess energy intake rather than 
assimilating it as body mass, and are, therefore, slightly leaner than their 
counterparts selected in the downward direction. 
A version of this chapter but with metabolic rate scaled by body weight 
(kg) raised to power 0.64 has been accepted for publication (see list of 
publications for reference). 
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CHAPTER 6 
FOOD UTILIZATION IN THE M LINE MICE 
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6.1. Introduction 
Most of the differences in food intake in the direction of selection in the 
A lines appear to have been accounted for by differences in growth rate (refer to 
Table 2.4a), lean content, fasting metabolic rate and associated levels of physical 
activity. The consistent large high-low divergence in food intake with little change 
in body weight in the M lines (refer to Tables 2.3 and 2.4b) is, however, not yet 
fully explained. In Chapter 5, it was found that small (although significant) 
changes in fasting metabolic rate associated with increased levels of physical 
activity have occurred in these lines. These observations do not, however, provide 
a satisfactory account of all the differences in food intake. 
In the literature review, it was outlined that the conventional methods of 
evaluating energy utilization are by examining the fate of the ingested food 
energy in the animal. Ingested gross energy is either lost or retained in the body. 
The main sources of energy loss other than heat loss accounted for by fasting 
metabolism are: energy lost through faecal output and increase in heat production 
following feeding (Heat increment of feeding). The way the residual energy 
(energy used for growth) is partitioned into lean and fat growth also affects 
energy balance. The diversion of a larger proportion of net energy for lean 
growth will obviously result in increased energy expenditure because of the 
higher metabolic activity of lean mass than fat. 
The experiments reported in this chapter examined these aspects of 
energy utilization considering the scheme presented in Fig. 2.1 in an attempt to 
providing a detail account of the differences in food intake in the direction of 
selection in the M lines. The various ways through which food energy is 
transformed, i.e. either lost or retained in the body, were evaluated in separate 




It is generally accepted that digestibility does not change as a correlated 
response to selection for growth (Fowler, 1962; Staniar and Mount, 1972). There is 
comparatively little information on the effect of selection for food intake, however. 
Although PVm  and Farrell (1977) were unable to find significant changes in 
digestibility at generation 3 for unadjusted food intake in chickens, a progressive 
depression in digestibility was observed in later generations of selection (Pym, 
1985). Pym reported that digestibility dropped from 73.8Th.8% in generation 9 to 
62.71.8% in generation 12. An extensive review of literature on poultry by Luiting 
(1987), however, showed a low heritability (h 2 = 0.17) and a small coefficient of 
variation (3%) for digestibility. Bishop (1985) could not find evidence of changes 
in digestibility in the A line mice after 17 generations of selection. The findings 
of the later study are supported by the results in chapter 3, where differences in 
digestibility were found to be small in all stock-fed control groups of A, F, P and 
M lines between 4 and 6 weeks of age. However, whereas some factors causing 
differences in metabolic efficiency may be apparent at young ages, others may 
only be revealed at the age of selection. It is therefore important to rexamine 
differences in digestibility at an age interval coinciding with that at selection. 
6.2.2. Materials and Methods 
Mice used in this study were sampled from generation 11 of the 
selection experiment. Only mice from replicates 1 and 3 were available for the 
study because some fertility problems occurred in replicate 2 in this generation 
and no mice could be spared from the main selection experiment. Laboratory 
facilities imposed a further constraint of four observations per line, so only male 
mice were used. 
Observations were made at two age intervals, 4 to 6 and then repeated 
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at 8 to 10 weeks of age. The latter coincides with the age interval of selection. 
Pairs of mice were used, which were housed in metabolic cages (Techniplast 
Metabolic cages, Stephen Clark Fabrications LTD, England) in a room maintained at 
271 0C and 12 h light/dark cycle. Food (the stock diet) and water were provided 
ad fib. Total food intake was recorded over the two-week periods. The metabolic 
cages were originally designed to allow for separate collection of faeces, urine 
and spilled food. Additional food hoppers were, however, fitted to permit easy 
access to food and minimize wastage. Faeces were collected daily and kept 
frozen in polythene bags. These were later freeze-dried and weighed. Digestibility 
was estimated from the weight of food intake (on dry matter basis, assuming the 
moisture content of food is 10% as specified by the manufacturer) and dry faeces. 
Because of the consistency of the energy values of faeces across genotypes fed 
the stock diet in the previous calorimetry experiment (chapter 3), the calorific 
values of faeces were not determined. Energy losses through urine were assumed 
to be negligible, as in previous reports in mammals (e.g Thorbek, 1969). 
Body weights, food intake and digestibility were statistically analysed 
using the following model: 
'1ijkl = P + Di + A + L 1 k + (DA) 1 + (LA)jkJ + eijkl  
where: 
ijkI is the observation on the 1th  pair of mice in the kth  line during the j 1' age 
interval in the jth  direction of selection; 
u is the overall mean; 
D i is the effect of the ith  direction of selection (high or low; i= 1,2); 
A is the effect of the jth  age interval ( 4 to 6 or 8 to 10 weeks; j = 1, 2); 
Lk is the kth  replicate in the i th direction of selection (k = 1, 2), Lk  represent 
replicate and direction by replicate interaction, which have only 1 degree of 
freedom each, so pooled here but not in later analysis; 
M. 
(DA) 1 and (LA), kI denote interactions; 
elIkI is the random error variance associated with the observation on the I
th pair. 
Tests for significant difference between direction of selection were made 
against replicate within direction of selection variances. Standard errors of 
differences of replicate means within age were calculated based on the replicate 
within direction of selection by age interactions. 
6.2.3. Results and Discussion 
The means of body weight, food intake and digestibility in mice housed 
in metabolic cages between 4 and 6, and 8 and 10 weeks of age are shown in 
Table 6.2.1. Corresponding analyses of variances are shown in Table 6.2.2. 
Although digestibility was slightly higher in the low lines at both age 
intervals, these differences were not significantly so (P>0.05) (Table 6.2.2). A 
slight decline in food intake in the high lines between 8 and 10 weeks of age has 
occurred, however. It was observed that mice had difficulties in getting access to 
the feeders as they grew bigger, although this did not appear to have affected 
either food intake or growth rate adversely (Table 6.2.1). 
The mean percentage digestibility found here is in close agreement with 
the results in chapter 3 and similar to those of Bishop (1985) in the A lines, where 
digestibility in both high and low lines was found to be about 75%. The 
constraint due to accessibility to food at 8 to 10 weeks of age in the H lines is 
not serious and would not bias the conclusions drawn from the present study. 
Stanier and Mount (1972) found no evidence of differences in digestibility between 
mice fed ad 11/i or restricted. Differences in digestibility may not, therefore, 




Means of body weight, food intake and digestibility at 4 to 6 
and 8 to 10 weeks of age at generation 11. 
Direction 
of sel. Rep. 4 to 6 weeks of age 
4-week wt 6-week wt. food intake digestibility 
(g) (g) (g) (%) 
High (U) 1 11.5 18.5 65.6 78.2 
3 15.5 20.7 57.8 74.2 
Mean 13.5 19.6 61.7 76.2 
Low 	(L) 1 14.1 19.3 62.2 79.0 
3 19.1 21.7 54.6 77.7 
Mean 16.5 20.5 55.4 78.4 
8 to 10 weeks of age 
8-week wt. 10-week wt. food intake digestibility 
(g) (g) (g) (%) 
H 1 24.4 27.8 61.8 76.2 
3 25.5 27.9 49.9 76.7 
Mean 24.9 27.9 58.4 76.5 
L 1 26.2 27.8 61.0 76.5 
3 25.6 27.9 50.5 77.0 
Mean 25.9 27.9 55.7 76.7 
S. E 2.67 3.18 3.22 1.91 
S.E = Standard errors of difference of replicate means within age 




Analyses of Variance for body weights at the start of test, 4 or 8 
weeks (initial weight) and the end of test, 6 or 10 weeks 
(final weight), food intake and digestibility during the two 
age intervals 
Source of 	d.f. 	 Mean squares 
variation 
Initial wt. Final wt. Food intake Digestibility 
(g) 	 (g) 	 (g) 	 (%) 
Direction of 
selection 1 32.60 159.31 1.66 11.28 
Rep./Dir 2 22.79 389.43** 6.07 6.40 
Age 1 866.32* 18.00 484.38** 3.78 
Dir X Age 1 9.14 25.56 1.75 7.03 
Rep./Dir X Age 2 19.60 2.59 5.01 11.65 
Residual 24 9.34 37.82 5.37 3.03 
** P<0.05, ** P<0.01; tests were: direction of selection against 
replicate/direction, this, age and dir X age against 
replicate/direction X age, while replicate/direction X age was 
tested against the residual. 
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6.3. Heat increment of feeding (HIF) 
6.3.1. Introduction 
HIF represents the increase in heat production due to ingestion, 
digestion, assimilation of food and turnover of body tissues. It can therefore be 
postulated that most of. the differences between maintenance and basal heat 
production could be accounted for by HIF. Although energy output due to 
processes above account for a greater proportion of HIF, Rothwell and Stock 
(1983) suggest that other physiological processes associated with increased food 
intake serve as effective routes of burning off excess energy intake (diet-induced 
thermogenesis). They argue that the increased heat production (mediated through 
brown adipose tissue) following increased energy intake in laboratory animals 
serve as regulatory mechanism to minimize increase in fatness. Webster (1983) 
concluded that the extremely high HIF observed in rats persuaded to overeat 
grossly by cafeteria feeding could be considered as an extreme manifestation of 
the general phenomenon of HIF, and referred to the processes as regulatory 
diet-induced thermogenesis. 
No information is available on whether between-animal variation in HIF 
exists, however. Despite many studies that have devoted attention to its 
measurement, these studies have been concerned with differences between feeds 
rather than with differences between animals given the same diet (Webster, 1981). 
Luiting (1986) present a review on between strain variation in total heat 
production for eating and egg producing hens which points to available genetic 
variation. The coefficient of variation between strains range between 6 and 19%. 
In respiration calorimetry, the ratio of volume of carbondioxide expired to 
oxygen consumed, referred to as the respiratory quotient (RQ) is used as a 
general indicator of the nature of metabolism. From theoretical stoichiometric 
equations, the catabolism of fat, protein and carbohydrates yield characteristic 
92 
RQ's of 0.70, 0.83 and 1.0 respectively. The RQ in fasted normal (i.e. non-obese) 
animals generally approximates to 0.73 in both mammals and birds (Shannon et 
al, 1969). This is lower than that found in animals given access to food, where 
RQ's range between 0.84 and 0.99 (Proczopko, 1969; Fuller, 1985). It was pointed 
out long ago (Dewar and Newton, 1948) that young animals tend to have higher 
RQ's than adults when fed. This is because in young animals, food intake far 
exceeds maintenance requirement. In consequence, the RQ increases in proportion 
to food intake and is independent of gaseous exchange due to intermediary 
metabolism. Kleiber (1961), however, cautioned that several factors such as the 
production of CO2 from the carbonate pool of the body ("washing out CO2") which 
is not associated with the catabolism of food or body tissues, can affect the RQ. 
An experiment is described in this section which sought to examine the 
involvement of HIF in the differences in food utilization between the high and low 
M lines. However, as the work progressed, it provided additional information on 
the effects of behavioural feeding habits on the differences in food utilization 
between lines. A further experiment was undertaken to confirm this and is 
outlined in section 6.4. 
6.3.2. Materials and Methods 
The mice used in this study were sampled from generation 14 of the 
selection experiment. Four full-sib families were chosen at random from each of 
the high (H), control (C) and low (L) lines. From within each family, 2 male and 2 
female mice were sampled (when available) at weaning (3 weeks of age). Mice of 
the same sex and line were used to make up numbers where necessary. 
Prior to metabolic trials, mice were housed in the stock cages with free 
access to food and water. Food was withdrawn for about 18 h (overnight), 
commencing at about 16.00 h the day before calorimetry. Body weights were 
recorded at the time food is withdrawn. 
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Mice were placed in the calorimeter chambers at about 10.00 h every day 
and were allowed free access to food and water. The food (the stock diet 14.8% 
CP, 10.636 kJ/g ME) was provided in food baskets (the same with those used for 
in the main selection experiment). These were placed on wire-grids in the 
metabolic chambers (desiccator jars). Food spilled not retained in the baskets was 
recovered at the bottom of the desiccator jars. Food intake (ingested) and food 
spilled were recorded. Gaseous exchange, food intake and that spilled were 
recorded over a 6h period. The calorimeter was maintained at temperature and 
pressure similar to those in the previous experiments (chapters 3 and 5), i.e. at a 
temperature of 291 °C and atmospheric pressure. Heat production was therefore 
estimated in the same procedures as was described in the previous studies 
(Chapters 3 and 5), namely from gaseous volumes (in litres) corrected to standard 
temperature (25 °C) and pressure (760mm Hg), using the equation of Miller et al 
(1981). Observations were made on pairs of mice at a young age (between 5 and 
6 weeks) with repeat measurements on the same pairs at a later age (between 9 
and 10 weeks), which is close to the mean age of selection in these lines (8 to 10 
weeks). Males and females were tested on alternate days. To avoid confounding of 
main effects (direction of selection, pair and chamber), pairs were tested in 
rotation around the three chambers. One of the chambers developed some 
technical problems during the later stages of the experiment, so only the high and 
low lines, and two pairs of the controls in replicate 3 at the older age were 
tested. Repeat testing of the same pairs in the same metabolic chamber was also 
avoided. 
Food spillage was similar in all lines at the young age, and did not 
exceed 0.2g. representing 5% or less of food ingested; so this was considered 
negligible. Only the 9- to 10-week old data on spillage are therefore presented. 
Metabolizable energy intake (MEl) was calculated from the weight of food intake 
and the metabolic energy content of food (10.636 kJ/g, as specified by the 
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manufacturer). Fasting heat production was estimated based on previous 
calorimetry data in A and M lines Chapter 5). In all experiments which involved 
measurements of heat output, determinations were made over 6 h periods. The 
assumption made for computations was that the differences between high and 
low lines in fasting heat production increases in a linear fashion with age and 
differences in body weight. For 5- to 6-week old mice, the overall population 
mean fasting heat production (11.95 kJ) in the A line mice between 3 and 4 weeks 
was used. A divergence of 2.5% between the high and low M lines at this age 
was further assumed. This corresponds with half the divergence between these 
lines at 9 to 10 weeks. The mean fasting heat production of 13.9 kJ in the M line 
mice determined between 10 and 11 weeks was used for 9 to 10 weeks, with the 
divergence between lines being 5%. HIF was, therefore, defined as the ratio of 
total heat production less estimated fasting heat output (kJ) to MEl (kJ) and is 
expressed in J/kJ MEl. RQ was the ratio of CO2 output to oxygen consumed. 
The estimated HIF along with body weights, MEl, heat production and RO, 
and in addition food spillage at 9 to 10 weeks were analysed for the two age 
intervals separately. Because of the many missing subclasses, particularly on the 
control line at 9 to 10 weeks, the data sets for the two ages were not combined. 
The following statistical model was assumed: 
'l'ijklm = W + Di + R + Sk + C1 + (all two-way interactions) + ejikim 
where: 
''ijkIm is the observation on the mtl pair in the l' chamber on the k 
th  sex in the 
th replicate of the ith direction of selection; 
u is the overall mean; 
D 1 is the effect of the i
th direction of selection (H, C, L; i = 1, 2, 3); 
R is the effect of the jth  replicate (j = 1, 2, 3); 
Sk is the effect of the kth  sex (male or female; k = 1, 2); 
C 1 is the effect of the 1th  metabolic chamber (I = 1, 2, 3); 
eji kim is the random error associated with the observation on the mth  pair. 
Linear contrasts were used to test differences between directions of 
selection: high (H), low (L) and control (C); (H-L), (H-C), (L-C) and symmetry 
(H+L)/2-C. Differences between males and females (M-F) were also tested. 
Standard error of mean differences between direction of selection and between 
sex were computed based on direction by replicate and sex by replicate 
interactions respectively. This assumes that variation between replicates 
represents random genetic drift variance. 
6.3.3. Results 
Table 6.3.1 shows individual line means for body weight, metabolizable 
energy intake, heat production, heat increment of feeding and respiratory quotient 
at 5 to 6 and in addition food spilled at 9 to 10 weeks of age. Corresponding 
linear contrasts and mean squares are shown in Tables 6.3.2 and 6.3.3 for 5 to 6 
and 9 to 10 weeks respectively. 
In general, linear contrasts and components of variance of interest were 
not significant at 5 to 6 weeks of age. There were significant replicate variation, 
however. 
Except for the H-L divergence in body weight at 9 to 10 weeks, the 
means of body weight are close to previous data on these lines. The small but 
significant divergence observed in this sample of mice is representative of the 
selected lines at generation 14, however. It was observed that the small 
divergence in 8- and 10-week weights of the magnitude found here have 
occurred in later generations of selection (after generation 12). There were 
significant (P<0.01) replicate differences in body weight, replicate 2 mice being 
heavier than those of either replicate 1 or 3. These differences in body weight are, 
however, more clearly illustrated in section 6 (Fig 6.5.1) where body weights from 
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3 to 17 weeks of age are presented. Similar differences were observed in the 
previous experiment outlined in chapter 5. 
Although the MH line mice ate slightly more than those of either MC or 
ML, differences in food intake in the direction of selection were and between 
sexes were not significant at both ages. In consequence, no significant differences 
in MEl was realized. MEl is a product of food intake (g) and a constant 
(10.636kJ/g). It is, however, apparent that food intake per gram body weight was 
higher at the young than at the older age. The H lines mice were found to spill 
more food than those of either L or C lines at 9 to 10 weeks of age, although the 
difference between H and C lines was not significant because of large replicate 
variance and the weakness of test as there are only 4 degrees of freedom of the 
denominator. Across sexes, the females spilled more food than males. 
There were no significant differences in heat production between lines at 
both ages. The H lines had, however, slightly higher values than either C or L 
lines, the C tines being intermediate. 
The hypothesis tested in this experiment was that differences in food 
intake between the H and L lines not accounted for by differences in fasting 
metabolic rate could be explained by differences in HIF. The nonsignificant 
difference in food intake during calorimetry, however, resulted in a nonsignificant 
difference in HIF. Finally, there were no significant differences in RQ between 
directions of selection or sex at either ages, but a significant age effect was 
found. A separate analysis combining the data at the two ages showed that the 
RQ at the young age was significantly (P<0.001) higher than that at the older age; 
this trend was consistent in all lines. 
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TABLE 6.3.1 
least-squares means of body weight, food intake, food spillage, 
heat production heat increment of feeding and respiratory quotient. 
5 to 6 weeks 	 9 to 10 weeks 
Body weight (g) 
Rep. H C L (S.E) H C L (S.E) 
1 17.8 16.8 18.0 27.1 25.3 26.7 
2 21.4 19.5 19.1 31.8 30.6 29.3 
3 18.9 17.5 14.7 27.9 26.8 26.2 
Mean 19.4 18.0 17.3 (1.45) 28.9 27.6 27.4 (0.989) 
M = 18.5 	F = 17.9 (0.895) M = 30.7 	F = 25.2 (0.761) 
Metabolizable energy intake (MEl) 	(kJ) 
Rep. H C L (S.E) H C L (S.E) 
1 41.0 36.4 41.1 45.7 31.7 33.1 
2 30.6 30.0 34.4 41.8 45.2 39.8 
3 40.4 38.3 33.7 34.8 35.1 34.3 
Mean 37.3 34.9 36.4 (4.23) 40.6 37.3 35.7 (4.37) 
M = 36.5 	F = 34.9 (3.45) M = 37.4 	F = 38.4 (2.19) 
Food spilled (g) 
9 to 10 weeks 
Rep. H C L (S.E) 
1 1.78 0.00 0.02 
2 0.39 0.02 0.04 
3 0.96 0.09 0.09 
Mean 1.05 0.04 0.05 (0.307) 
M = 0.22 	F = 0.53 (0.114) 
5 to 6 weeks 
	
9 to 10 weeks 
Heat production (kJ) 
Rep. H C L (S.E) H C 
1 17.0 15.6 15.8 23.6 19.4 
2 20.2 20.1 20.5 22.2 24.4 
3 19.2 18.5 16.4 23.2 22.4 
Mean 18.8 18.1 17.6 (1.40) 23.0 22.1 


















M = 0.84 
C L (S.E) 	H 
0.91 0.88 0.81 
0.78 0.84 0.77 
0.81 0.87 0.70 
0.83 0.87 (0.0740) 	0.76 




0.75 0.74 	(0.0589) 
F = 0.87 (0.0592) M = 0.73 
	
F = 0.76 (0.0461) 
TABLE 6.3.1 (Continued) 
5 	to 6 weeks 9 to 10 weeks 
Heat increment of feeding (RIF) (J/kJ MEl) 
C L (S.E) H C L (S.E) 
141 131 203 171 263 
279 262 183 240 231 
178 142 252 255 204 
199 178 (17.4) 213 222 234 (36.3) 
F = 202 (21.3) M = 238 	F = 207 (18.1) 
Respiratory quotient (RQ) 
(S.E) = Standard errors of difference of replicate means and of 
sexes based on residual variances and replicate by direction or 
replicate by sex interactions respectively. 
H, C and L represent high, control and low directions of selection 
respectively. 
M = Males, F = Females. 
TABLE 6.3.2 
Linear Contrasts for differences between high and low (H-L) high 
and control (H-C),, low and control (L-C), symmetry (R+L)/2-C and 
between males and females (U-F) and Mean squares at 5 to 6 weeks 
Metabolic Heat 
Body energy Heat increment of 
d.f. weight intake production feeding Respiratory 
(g) (kJ) (kJ) (J/kJ MEl) Quotient 
Contrasts 
Dir: U-Il 1 2.07 0.94 1.23 11.41 -0.0050 
H-C 1 1.31 2.41 0.74 -9.29 0.0356 
Il-C 1 -0.75 1.47 -0.49 -20.70 0.0406 
Dir:Syinmetry 1 0.56 3.88 0.25 -29.99 0.0763 
Sex: U-F 1 0.55 0.52 -0.12 -25.62 -0.0332 
Mean squares 
Replicate 2 56.61** 382.61** 97.87** 108999** 0.0239 
Chamber 2 0.20 70.81 12.10 17440* 0.0118 
Dir X Rep 4 11.21 73.06 5.60 624 0.0084 
Dir X Sex 2 0.43 48.79 3.39 4733 0.0019 
Dir X Chin 4 4.33 95.15 14.34 7033 0.0526 
Rep X Sex 2 0.40 91.48 6.57 5171 0.0056 
Rep X Chin 4 6.60 11.54 3.40 2675 0.0059 
Sex X Chin 2 4.22 221.49* 7.12 1278 0.0709 
Residual 46 7.02 61.48 9.05 3018 0.0287 
* P<0.05 ** P<0.01; tests were H-L. H-C, Il-C and Symmetry contrasts 
against direction by replicate interactions, sex against sex by 
replicate interactions, chamber against replicate by chamber 
interactions and all other effects against the residual. 
TABLE 6.3.3 
Linear Contrasts for differences between high and low (H-L), 
high and control (H-C), low and control (L-C), symmetry 
(H+L)/2-C and between males and females (H-F), and Mean 
squares at 9 to 10 weeks of age. 
Metabolic Heat 
Body energy Heat increment of Respiratory 
d.f. weight intake Food Spilled production feeding quotient 
(g) (kJ) (g) (kJ) (J/kJ MEl) 
Contrasts 
Dir: H-L 1 1.55 4.88 0.99* 1.49 -20.28 0.0217 
H-C 1 1.33 3.26 1.01 0.93 -9.47 0.0045 
L-C 1 -0.21 -1.62 0.02 -0.55 10.81 -0.0172 
Dir: Symmetry 1 1.12 1.64 1.02 0.38 1.34 0.0127 
Sex: H-F 1 5.74 1.01 -0.31 1.04 31.48 -0.0275 
Mean squares 
Replicate 2 98.01** 281.6* 0.964** 8.71 2507 0.0812* 
Chamber 2 2.04 38.7 0.022 27.98* 16244* 0.0431 
Dir X Rep 4 3.16 147.4 1.085 20.11 11293 0.0114 
Dir X Sex 2 0.48 162.0 1.009 5.12 2242 0.0364 
Dir X Chin 4 5.15 129.7 0.167 16.19 9987 0.0138 
Rep X Sex 2 1.86 3.9 0.186 1.09 1419 0.0081 
Rep X Chin 4 2.27 57.9 0.154 11.66 4532 0.0067 
Sex X Chin 2 1.12 16.1 0.087 0.12 225 0.0013 
Residual 38 4.29 41.1 0.024 6.40 4478 0.0151 
* P<0.05, ** P<0.01; test were H-L., H-C, L-C and symmetry contrasts 
against direction by replicate interactions, and sex against sex 
by replicate interactions, chamber component of variance against 
replicate by chamber interaction, all other effects against the 
residual. 
6.3.4. Discussion 
Although the data do not permit full analysis of the extent of the 
influence of HIF on the differences in food utilization between lines, it does appear 
to agree with the generally established principles of food utilization. The inability 
to realize differences in food intake in the direction of selection during calorimetry 
can be ascribed to the experimental protocol. Mice were starved overnight in an 
attempt to have mice consume food to their normal appetite when allowed access 
to food in the calorimeter. The testing period was, however, short compared with 
the 24 h measurement period often recommended for this type of study (e.g 
Shannon et at, 1969). Although little is known about the feeding behaviour and 
physiological mechanisms of appetite control in the mouse (McCarthy, 1980), the 
evidence found here of differences in food spillage suggests that the H line mice 
would tend to have more frequent meals than those of either control or low lines 
to enable them attain higher intake levels. The 6h determination time might not 
have been adequate to allow all the variation in feeding pattern to be expressed. 
The magnitudes of HIF found under these conditions were, however, 
within reasonable range of those found in other previous studies. Overall means 
at 5 to 6 and 9 to 10 weeks were 189 and 220 J/kJ MEl respectively. Estimates of 
HIF in mature monogastric species, eating a normal diet in excess of maintenance 
requirement and depositing energy almost entirely as fat, range from 200 to 
300kJ/MJ MEl (Webster, 1983). If is expressed per body weight, the younger mice 
had higher values than the older mice. This suggests that the energy cost due to 
the processes of synthesis and accretion of body tissues, which is expected to be 
higher in the young growing mice, are also represented in HIF, as was also 
suggested in previous studies (e.g Webster, 1981). The tendency for the H lines to 
have lower values than either C or L lines at the older age could be explained by 
the slightly higher fasting metabolic rate in the H than in the L lines. The H lines 
are also leaner, but this point will be discussed in greater detail in section 6.5. 
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The overall implication is that the H lines use more of the MEl for basal metabolic 
energy costs of maintaining a heavier lean mass than the L lines. Consequently, a 
smaller proportion of MEl is burnt off in the H than in the L lines. Given that 
differences in food intake in the direction of selection were not realized during 
calorimetry, the higher levels of heat production in the H lines may be taken as a 
reasonable indication of increased levels of HIF. Therefore, HIF may play a role in 
the differences in food utilization in these lines. An experimental verification 
utilizing a modified experimental procedures of longer determination periods is, 
however, suggested. 
Recognizing the problems associated with the use of RQ as an indicator 
of the nature of metabolism due to other reactions utilizing oxygen and producing 
CO2 that occur simultaneously, some conclusions could be drawn from the results 
of the present study which are in agreement with established principles of food 
utilization in young and adult animals. The higher RQ in the young than adult mice 
can be explained almost entirely by the differences in the amount of food intake 
in excess of maintenance requirement. Dewar and Newton (1948) held that the RQ 
is proportional to the level of food intake in relation to maintenance requirement. 
When food intake is at the level required for maintenance, the animal's RQ will be 
the same as that of the diet. At food intake below maintenance, fat catabolism 
begins and the RQ falls to that of fat (0.70). At above maintenance levels of intake, 
the RQ increases in proportion to food intake. The increases in RQ are 
independent of whether carbohydrate is preferred as a source of energy or 
intermediary metabolism involving the conversion of carbohydrates to fat occurs. 
The findings of the present study and that of Fowler (1962), who also found 
higher RQ's in young than older mice, are consistent with the above hypothesis. 
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6.4. Food intake and wastage 
6.4.1. Introduction 
When mice were given access to food in the respiration chambers, it was 
observed that the H lines mice spill more food than those of either C or L lines 
between 9 and 10 weeks of age (section 6.3). It was therefore thought worthwhile 
to rexamine the extent of food wastage under normal conditions of the main 
selection experiment, i.e. in mice housed individually in plastic cages and whose 
food intake are recorded between 8 and 10 weeks of age. 
6.4.2. Materials and Methods 
Mice used for this experiment were sampled from generation 14 
(replicate 3) and generation 15 (replicates 1 and 2). From each of the high (H) and 
low (L) lines, 3 full-sib families were chosen at random. Within each family, 2 male 
and 2 female mice were sampled, giving a total of 72 animals. It was thought that 
this rather small sample size was adequate to confirm the differences in food 
spillage between lines. Initial observations in respiration chambers showed large 
differences between lines which were asymmetrical and consistent over replicates. 
Body weights, food intake and food spilled were recorded on mice caged 
individually between 8 and 10 weeks of age (as for the main selection 
experiment). Although the food baskets used for recording food intake were 
originally designed to minimize food wastage, an additional trough was attached 
to the base to catch spilled food not retained in the food baskets. The food 
baskets were observed daily, and if necessary the wood shavings and faeces 
accumulating in the attached troughs were removed. The aim was to collect all 
spilled food. 
Apparent food intake was defined as food recorded, food intake being the 
difference between apparent food intake and food spilled. Food wastage was 
expressed as the percentage ratio of food spilled to apparent food intake. Body 
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weights (g), apparent food intake (g), food spilled (g) and food intake (g) and food 
wastage (%) were analysed assuming the following model: 
ijkI = P + D + R + SK + (all two-way interaction) + eJkI 
where: 
Yijkl is the observation on the 1th  mouse of the Kth  sex in the 
jth  replicate of the 
ith direction of selection; 
i is the overall mean; 
Di is the effect of the ith  direction of selection (high or low; i= 1, 2); 
R is the effect of the jth  replicate (j = 1, 2, 3); 
Sk is the effect of the kth  sex (male or female; k = 1, 2); 
e 1 is the random error associated with the observation on the 
1th  mouse. 
In view of the observed divergence in body weight in recent generations, 
which was also evident in generation 14 (refer to section 6.3), a partial regression 
on mean weight at 8 and 10 weeks was included in the model for the analysis of 
food intake. 
6.4.3. Results and Discussion 
The means of 8- and 10-week old body weights, apparent food intake, 
food spilled, food intake and are presented in Table 6.4.1. Corresponding analyses 
of variance are shown in Table 6.4.2. 
Mean body weights and apparent food intake are in agreement with data 
from the main selection experiment (Ian Hastings, personal communication). In 
agreement with the observations made during calorimetry, food spillage was 
higher in the H than in the L lines. The H lines spilled about 4g more food than 
the L lines (P<0.05) (Table 6.4.2). The differences in food spillage accounts for 
22.8% the difference in apparent food intake between the H and L lines (Table 
6.4.1). Fitting mean weight at 8 and 10 weeks as a covariate in the analysis did 
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not have much effect on these differences. The association of food spillage with 
body weight is very small and not significant (r = 0.079, n = 62; P>0.05). 
Across sexes, the females wasted more food than the males but the 
difference was not significant (Table 6.4.2). 
The least squares estimates of regression coefficients of food intake on 
mean body weight at 8 and 10 weeks were: 0.980.42 , n = 32 for males and 0.96 k 
_0.52, n = 30 for females. Although the standard errors of estimates are large, 
these estimates suggest a reevaluation of the relationships of food intake with 
body weight in both sexes. There were no significant differences in food intake 
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Analyses of Variance for body weight, apparent food intake, 
food Spilled, food wastage and food intake with a partial 
regression on mean 8 and 10 weeks body weight. 
Sources of Mean squares 
variation d.f. 
Food intake 
Apparent regressed on mean 
8-week 10-week food Food weight at 8 and Food Food 
weight weight intake intake io weeks spilled wastage 
(g) (g) (g) (g) (U  
 (g) (g) 
Direction of
selection i 103.24* 3249.9** 1926.84** 729.90** 171.72* 271.14 1 
Replicate 2 23.14** 81.06** 100.5** 52.47 65.69 10.02* 19.39** 
Sex 1 432.68** 41593* 3.1 .34.69 70.83 17.03 35.62 
Dir X Rep 2 5.94 1.69 60.1 40.09 23.81 8.29* 14.77** 
Dir X Sex 1 1.54 2.63 28.0 3.39 6.21 11.95* 23.67** 
Rep X Sex 2 0.83 5.54 38.8 15.37 7.83 8.27* 18.80** 
Regression 1 - - - - 174.39 - - 
Residual 51 3.281 3.29 19.4 18.93 16.06 0.839 1.85 
+ P <0.1, * P<0.05, ** P<0.01; effects of direction of selection 
and sex were tested against their respective interactions with 
replicate, all other effects against the residual. 
1 degrees of freedom is 52 where a partial regression was not 
included in the analysis. 
6.5. Growth and body composition at 17 weeks of age 
6.5.1. Introduction 
Selection using restricted indices or independent culling levels for 
independent changes in correlated traits such as body weight and food intake or 
body weights at different ages have been found to produce changes in the shape 
of the growth curve and body composition at later ages in mice and chickens. 
McCarthy and Bakker (1979) found that selection by index for either divergence in 
5-week weight with no changes in 10-week weight or for divergence in 10-week 
weight with no changes in 5-week weight produced large differences in mature 
size in mice. The line selected for increase in 5-week weight and restricted for 
changes in 10-week weight had the highest growth rate and mature size. Ricard 
(1978) selected for all the four different combinations of high and low body 
weight at 8 and 36 weeks of age in chickens. It was found that selection for low 
juvenile (at 8-week old) and large adult weight (at 36-week old) produced leaner 
birds. The line selected for high early growth rate and low mature weight was the 
fattest of all the combinations. These results suggest that changes in the shape 
of the growth curve might have been associated with changes in early appetite 
and metabolic rate at later ages. 
The selection indices used in the M lines were not analogous to those in 
the previous studies cited above, but the associations between body weight and 
food intake suggest that index selection for changes in food intake while holding 
body weight constant may have some effect on body weights and composition at 
later ages. 
6.5.2. Materials and Methods 
The mice used for calorimetry (section 6.3) were kept until they were 17 
weeks of age. Individual body weights were recorded weekly from weaning 
(3-week old) up to 17 weeks of age. Mice were killed by cervical dislocation and 
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carcasses kept frozen in polythene bags. Dry matter contents were later 
determined by freeze-drying mice carcasses. The ratio of dry weight to wet 
weight provided a means for estimating carcass fat content using the equation of 
Hastings and Hill (1989). The fat-free (lean) mass was estimated as body weight 
less fat content. Although in the present study the mice were 17 weeks old, it is 
reasonable to assume that the same regression equation derived on 10-week-old 
mice may provide reliable estimates of carcass composition in these mice. The 
same equation may not be appropriate for estimating carcass composition in 
younger fast growing mice, however, because of the higher water content in 
young than adult animals. The relationship between the ratio and estimated fat 
content is, however, not biased by selection criterion (Hastings and Hill, 1989a). 
Body weight, ratio of dry weight to wet weight and estimated fat content 
and lean mass were analysed assuming the following statistical model: 
''ijkIm = A + D + R 1  + SK + (DR) 1 + (DS) 1k + (RS) 1 k + F 1 + ejikim 
where: 
'1ijklm is the observation on the mh  mouse from the I
th family, and of the the kth 
sex in the jth  replicate of the i
th direction of selection; 
u is the overall mean; 
Di is the effect of the ith  direction of selection (H, C, L; i = 1, 2, 3); 
R1 is the effect of the j th replicate (j = 1, 2, 3); 
Sk is the effect of the kth  sex (male or female; k = 1,2); 
(DR) 1 , (DS)K and (RS) J K denote interactions; 
F 11 is the effect of the 1th  family in the 
1th  replicate of the ith  direction of selection; 
eji ki m  is the random error associated with the observation on the 
mth  mouse. 
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6.5.3. Results 
Fig. 6.5.1 show the means of body weight from 3 to 17 weeks of age 
pooled over replicates (a) and individual replicates (b). 
The mice from three directions of selection started at slightly different 
weights. Mean body weights at 3 weeks of age were 10.8, 10.3 and 9.3g for H, C 
and L lines respectively. These differences were maintained with age, and there 
was no evidence of direction of selection by age interaction. As was noticed in 
the previous section, there were significant replicate differences, the differences 
being evident at 3 weeks. For all directions of selection, replicate 2 mice were 
heavier than those of either replicate 1 or 3 (Fig. 6.5.1b). Mean body weights, 
ratio of dry weight to wet weight, estimated fat content and lean mass at 17 
weeks of age are shown in Table 6.5.1, their corresponding analyses of variance in 
Table 6.5.2. 
The ratio of dry weight to wet weight is highest in the L lines, 
intermediate in C and lowest in the H lines. This indicates that the H line mice are 
leaner than those of either control or low lines even at 17 weeks of age. The 
differences between the H and the L lines in the ratio of dry weight to wet weight 
and therefore fat content is about 6%. As they were the heaviest and have the 
least percentage body fat, the H lines have the highest lean mass. Across sexes, 
males are slightly fatter, but also have higher (P<0.001) lean mass than females 
(Table 6.5.2). 
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Fig. 6.5.1 Mean body weighls From 3 to 17 weeks oF age in IThe M lines 
a1 general- ion 14. 
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TABLE 6.5.1 
Means of body weight, ratio of dry weight to wet weight, estimated fat 
content and lean mass at 17 weeks of age. 
Direction 
of 
sel. Rep. Body wt Ratio of dry wt Estimated fat 1 Lean mass 
(g) to wet wt (%) (g) 
MR 1 34.9 0.365 111 30.9 
2 36.3 0.342 8.5 33.3 
3 30.0 0.381 12.9 28.6 
Mean 34.8 0.363 10.8 30.9 
MC 1 29.8 0.403 15.1 25.2 
2 37.9 0.427 18.0 30.8 
3 34.4 0.400 15.0 29.4 
Mean 34.2 0.410 16.1 28.5 
ML 1 32.5 0.452 20.9 25.7 
2 35.4 0.417 17.0 29.3 
3 30.5 0.409 16.0 25.4 
Mean 32.8 0.426 17.9 26.8 
S.E 2.01 0.0203 2.30 1.52 
Males 37.5 0.408 15.9 31.4 
Females 30.3 0.391 14.0 26.0 
S.E 1.14 0.00971 1.10 0.380 
'Fat content was estimated using the equation: 
Fat content (%) = [-0.302 + 1.13(dry weight/wet weight)] X 100 
(Hastings and Hill, 1989a) 
S.E = Standard errors of difference of replicate means of 
selection and between sex based on residual variances and 
direction by replicate or replicate by sex respectively. 
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TABLE 6.5.2 
Analyses of variance of body weight and carcass components at 
17 weeks of age. 
Source of Mean squares 
variance d.f. 
Body wt. Dry wt. Ratio of dry Estimated fat Lean mass 
(g) (g) wt. to wet wt. (%) (g) 
Direction of 
selection 2 48.01 34.46 0.0529 674.83 211.29 
Replicate 2 240.28** 29.92 0.0018 23.46 198.06 
Sex 1 1836.84** 436.27 0.0104 132.21 1037.34** 
Dir X Rep 4 76.68* 33.22* 0.0077* 97.90* 45 • 43** 
Dir X Sex 2 37.15 7.92 0.0000 0.44 25.14* 
Rep X Sex 2 4.31 4.68 0.0023 28.96 0.11 
Family 27 18.93 10.94** 0.0023* 29.19** 6.99 
Residual 102 10.00 4.61 0.0011 14.46 5.09 
* P < 0.05. ** P < 0.01; effects of direction of selection and sex 
were tested against their respective interactions with replicates, 
all other effects against family, while family effects were 
tested against residuals. 
6.5.4. Discussion 
The indexes used for selection in the M lines were designed to test a 
hypothesis that a selection criterion designed to produce animals differing in food 
intake but not confounded by substantial changes in body weight will result in 
animals differing in maintenance requirement in the direction of selection. And 
with maintenance requirement being closely associated with lean body mass, 
correlated response in leanness is expected. Except for the slight divergence in 
body weight which started in the most recent generations of selection (refer to 
chapter 2; Fig. 2.4), the results outlined above show that these objectives have 
been realized. The H line mice are leaner than those of either C or L lines even at 
an age well beyond that at selection. 
The overriding objective is, however, to utilize results realized in 
laboratory species to improve meat production in farm species where the 
emphasis is for a more cost effective lean animal production system. Apart from 
the fundamental differences in metabolic rate between laboratory and farm 
species, which does not allow for direct application of the findings in the former 
to the latter species, direct selection for increased food intake itself is prohibitive 
in farm animals. Experimental studies aimed at understanding the genetics of 
food intake and its relationships with maintenance requirements and rate of lean 
growth have, however, been conducted in farm species, although these are few. 
Pym and Nicolls (1979) selected for absolute food intake in chickens and observed 
a correlated response in fatness. A pig selection experiment is currently 
conducted under the collaboration of the then Animal Breeding Research 
Organisation (ABRO) now Institute of Animal Physiology and Genetic Research 
(IAPGR), Edinburgh Station and Wye College (University of London) in Britain. The 
aims of this study are to determine the underlying genetic relationships of 
voluntary food intake with the rate and efficiency of lean growth in the pig (Webb 
and Curran, 1986) where food intake has a positive genetic correlation (rG = 0.6) 
115 
with growth rate but a negative genetic correlation (rG is about -0.35) with 
leanness (Fowler et al., 1976). Selection is practised high or low for four criteria 
of lean growth based on indexes of: lean food conversion on ad I/h feeding (LFA), 
voluntary food intake (VFI), lean growth rate on ad fib (LGA) and on scale feeding 
(LGS). Animals are tested between 30 and 85 Kg in all lines. Preliminary results 
indicate that selection for VFI, measured as average daily food intake (DFI) 
adjusted by linear regression for live weight at the end of test (to constant 85 kg), 
shows correlated responses in average daily gain (ADG), back fat thickness (BF), 
but lower food conversion ratio (FCR) associated with shorter days on test 
(Geoffrey Lee, personal communication). Selection for LGA is accompanied by 
higher ADG, lower FCR associated with reduced DFI, VFI and BF, and shorter days 
on test. Selection for LFA have reduced ADG, OFI, VFI and days on test. 
The close and positive interrelationships between food intake, lean mass 
and metabolic rate are antagonistic to breeding objectives. In most species, 
increased food intake is associated with increased metabolic rate, which is in turn 
associated with normal metabolic processes, particularly protein turnover in the 
lean body mass. The pig is perhaps the only exception as evidenced by the 
results of the above study, where selection for lean growth rate on ad lltt 
feeding has resulted in reduced VFI. It is expected, however, that as selection 
progresses, there will be an increase in metabolic rate. This speculation, however, 
awaits the results of physiological studies intended at later stages of this 
experiment. With an improved genotype for lean growth, continued reduction in 
food intake may limit further improvement in lean growth rate (Webb, 1989). 
Other studies have shown a linear/plateau relationship between lean gain and 
food intake in pigs genetically superior for lean growth (Campbell and Traverner, 
1985). The results in chapter 3 also indicate such a relationship in mice selected 
for lean growth, although it is not clear from this latter study that a plateau was 
attained. The results of the present study indicate a positive relationship between 
116 
food intake (adjusted for body weight) and lean growth in the mouse. An 
alternative method of partitioning nutrients more towards lean growth than 
towards fat without reducing food intake and increasing metabolic rate is the use 
of partitioning agents (beta-agonists) (Webster, 1989). The physiological 
mechanisms involved in these methods are, however, outside the scope of the 
present study. 
6.6. Summary 
The metabolic framework utilized for the studies described under the 
different sections of this chapter was aimed at understanding the physiological 
basis of substantial differences in food intake in the direction of selection in the 
M lines not satisfactorily accounted for by differences in fasting metabolic rate 
(chapter 5). This information is of practical importance in understanding the 
genetic relationships between food intake, metabolic rate and lean mass. 
It was necessary to invoke other mechanisms of energy utilization 
namely digestibility, heat increment of feeding and the partitioning of food 
nutrients into body tissues. The main findings were as follows. 
There was no evidence of differences in digestibility and heat increment of 
feeding. It was concluded that the role of HIF in the differences in food utilization 
must be tentative, since differences in food intake in the direction of selection 
were not realized during calorimetry. 
Significant difference in food wastage was evident, the high lines mice wasting 
more food than those of either control or low lines. Differences in food spillage 
accounts for 22.8% of the differences in apparent food intake between the high an 
low lines. Food wastage was also higher in females than males. Although males 
were significantly heavier than females, there were no significant differences in 
food intake between sexes. 
A significant finding was that the high line mice are leaner than either control 
or low line mice even at an age well beyond that at selection. The implication is 
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that a large proportion of the differences in food intake can be accounted for by 
the differences in energy used to deposit and maintain a higher lean mass in the 
high lines. Assuming the differences in food intake between lines at 10 and 17 
weeks of age are similar, and that lean mass is deposited as protein along with 
water in the ratio of 1 to 4 (Webster, 1977), the cost of depositing 4.1g of lean 
mass accounts for about 4.5g of food (the stock diet; 10.636kJ/g ME and 90%DM) 
intake. This represents 28.5% of the between-line differences in food intake. 
In conclusion, the main differences between high and low M lines which 
in part explain the differences in food intake in the direction of selection were 
differences in body composition, fasting heat production (as evidenced in the 
previous study, Chapter 5) and differences in food wastage. Differences in body 
composition and food wastage account for about 50% of the differences in food 
intake between the high and low lines. The tentative differences in heat increment 
of feeding and the small differences in digestibility are likely to be responsible for 





The studies reported in this thesis have been undertaken with the 
premise that understanding the nature and extent of genetic variation in the 
partitioning of food energy between lean and fat growth is relevant in identifying 
the determinants of efficient lean animal production systems. The genetic 
resources utilized for the studies were lines of mice first described by Sharp et at 
(1984). Selection has been practised in these lines for traits which are of 
commercial importance in farm animals, namely food intake, fat content, total lean 
mass content and metabolic rate (measured as food intake in adult mice corrected 
by phenotypic regression on body weight). The laboratory mouse has been used 
extensively as a model species for developing preliminary information on the 
genetic and physiological approaches for improvement in farm species. The 
mouse, however, utilizes a higher proportion of its intake for maintenance 
requirements than farm animals. Maintenance costs accounts for 72 to 85% of 
food intake in a young growing mouse (Stephenson and Malik, 1984). This 
contrasts with the smaller proportion of food intake used for maintenance in farm 
animals, the extreme example being in pigs genetically unimproved for lean 
growth or lean content. In these animals, only about 30% of food intake is used 
for maintenance, the surplus deposited more as fat (Webb, 1989). So these 
metabolic differences do not permit direct extrapolation between these species, 
but the mouse may be a useful model for the study of maintenance requirements 
and its components. In a review, McCarthy (1982) concluded that the laboratory 
mouse as a model species for animal breeding is useful for "testing the validity of 
genetic theory, or elucidating the genetic control of biological systems or 
exploring unknown relationships between characters". The latter two approaches 
have been the main subjects of the studies reported in this thesis. 
Bishop and Hill (1985) found that selection in mice for high and low food 
intake (food in-take corrected for body weight in young growing mice) was 
accompanied by correlated responses in metabolic rate and lean content in the 
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direction of selection. These were associated with changes in the ratio of food 
intake to maintenance requirements in the opposite direction to selection. A 
correlated response of increase fat content was found in other similar studies 
where selection for food intake was practised (Biondini et a!, 1968; Pym and 
Solvyns, 1979), however. The present study, therefore, focused more attention on 
the genetics of food intake and its relationships with metabolic rate and lean 
content, with emphasis on the effects of genotype in the partitioning of food 
energy between maintenance requirements and growth, which is in turn 
partitioned between lean and fat growth. 
In this chapter, the experimental findings are discussed with inferences 
on their application in farm species. 
7.1. Genetic differences in metabolic efficiency 
Metabolic efficiency has been considered as being a function of the way 
food energy is metabolized to produce the energy used for maintenance and 
growth, and the partitioning of the energy available for growth between lean and 
fat deposition. Genetic differences in digestibility seem to be small and may not 
be important as a target trait for improvement in efficiency in mammals. In the 
present study, mice selected for food intake with minimal changes in body weight 
did not show large differences in digestibility. Rather, it was found in both A and 
M line mice that increased metabolic rate associated with increase in lean mass 
was preferred as an alternative route to balance the requirements of the selection 
criteria, i.e for increased energy intake but with little or no gain in body weight. 
These mice may represent an extreme example where large differences in 
digestibility are expected. Neither Fowler (1962) nor Stanier and Mount (1972) 
found differences in digestibility between mice selected for large and small body 
size. In farm mammals, Blaxter and co-workers (Blaxter, 1964) found no significant 
difference in digestibility within and between sheep and cattle fed the same diet 
and concluded that differences in digestive efficiency are likely to be small 
121 
between breeds and individuals. There is some evidence of variation in 
digestibility, however. Siers (1975) found some genetic variation in digestibility of 
total ration and both protein and fat components of the ration in pigs. Karue 
(1975) also reported differences between Sos Taurus and Bos Indicus cattle. Siers 
(1975) estimated the intraclass correlations between full-sibs for digestibility of 
total ration, and protein and fat fractions of the ration to be 0.31, 0.27 and 0.14 
respectively. He noted, however, that the correlation for total digestibility is less 
than that obtained for efficiency, suggesting that selection for digestibility alone 
cannot improve efficiency as rapidly as that attainable by direct selection for 
efficiency. The overall conclusion is that genetic improvement of digestibility in 
mammals seems unlikely. The situation is, however, slightly different in poultry. 
Large genetic differences have been found in this species (see Pym, 1985). Other 
workers, however, could not find differences in digestibility in chickens selected 
for high and low residual food consumption (RFC), i.e. food intake neither 
associated with food wastage nor accounted for by differences in body weight 
and egg production (Luiting and Urn, 1987) or in chickens of equal body weight 
and egg production but very different in food consumption (Leeson and Morrison, 
1978). In agreement with previously reported data in mice and the results in the 
P line mice in the present study, Pvm  (1985) found that digestibility in the line of 
broiler chickens selected for body weight did not deviate from that in the control 
line, indicating the absence of genetic correlation between digestibility and body 
weight. The lines selected for efficiency and food intake did, however, deviate 
from the control. Digestibility was lowest in the food intake line and highest in the 
efficiency line. These indicate, as is expected, that the correlation of digestibility 
is negative with food intake and that with with efficiency positive. 
Partitioning of energy between lean and fat and the various components 
of maintenance requirement, therefore, seem to be the more important sources of 
variation in metabolic efficiency. These are discussed in turn. 
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In chapter 3, it was shown that selection has produced animals differing 
widely in the way they partition food energy between lean and fat growth 
independent of body mass. Whereas the genetically fat mice (FH) deposited the 
most fat and gained most on a 'cafeteria' diet, designed to increase energy intake 
in all genotypes, the mice selected for total lean mass (PH) had the highest 
growth rate during the period of fastest growth. In contrast to the PH mice, those 
selected against fat content (FL) deposited the excess energy intake almost 
entirely as fat. This indicates that energy intake is not a limitation for increased 
lean growth in the FL, but it is so in the PH. An analogous situation to the FL 
mice in farm animals is where selection is practised for decrease in fat content in 
broiler chickens and in pigs. Although increase in efficiency is achieved through 
reduced fat growth and food intake, the overall effect on lean growth is negligible 
(e.g McPhee, 1981; Geoffrey Lee, personal communication). 
In contrast to mice selected for either fat or lean content, those selected 
for food intake, whether at a young (4 to 6 weeks) or an old (8 to 10 weeks) age, 
also failed to utilize the increased energy intake with cafeteria feeding for much 
more gain. These findings are consistent with the fact that energy intake is not a 
limiting factor for increased growth in these lines. These mice tend rather to have 
developed a characteristic mechanism for energy expenditure. This observation 
was the main subject of a subsequent study. 
Overall, the data in chapter 3 suggest that efficiency of food utilization 
has declined with the increase in energy intake, principally due to increased fat 
deposition and heat output in all lines except for the PH. In the PH mice, 
metabolic food intake (food intake/kg 075 ) is lower than in other lines e.g in the PL 
line. Although metabolic heat production has increased proportionally with body 
weight, the lower metabolic food intake makes these mice more efficient. 
It is common knowledge that the conversion of food energy is more 
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efficient metabolically into fat than into to lean. That is in terms of energy gain 
per unit food energy, the FH mice are more efficient than the FL. For mice, 
weight gain per gram food intake tend to increase also (Bishop, 1985), but this 
can not be attained in larger animals. Increased fat deposition associated with 
increased food intake results in lower efficiency of food utilization in most farm 
animals. The observation of substantial increase in fat content in the FH when 
energy intake was increased prompted a further study on the F line mice alone to 
test if true partitioning changes have occurred. The results of this study were 
described in chapter 4. 
To interpret the effect of scale feeding and compare the FH and FL line 
mice in terms of underlying sources of variation in the partitioning of food 
between fat and lean growth, it is necessary to assume that scale feeding had a 
similar effect in both lines. Although the intention was to suppress variation in 
appetite during the testing period, this objective was not achieved. It was realized 
in retrospect that the experimental protocol utilized for predicting and allocating 
food intake based on weekly estimates permitted the expression of variation in 
food intake during the first few days when food was abundant, with the mice 
being starved towards the end of each 7-day period. The implications of this may 
not, however, affect the conclusions drawn from this study, for the FH mice were 
more severely starved and were expected to mobilize a higher proportion of fat 
during these periods of starvation than the FL mice. The results show that the FH 
mice deposited more fat than those of the FL on comparable levels of food intake. 
These results also indicate the absence of genotype by feeding regime interaction 
as was observed in a similar comparative study for mice given free access to a 
high energy diet (Chapter 3). 
In summary, the effects of the different feeding regimes, namely scale 
feeding, and ad libitum feeding on a normal stock diet and a high energy 
(cafeteria) diet, on carcass composition in the F lines were that compared to 
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carcass composition in mice fed the normal stock diet in both lines, scale feeding 
reduced fat content whereas cafeteria feeding resulted in increased fat content. 
The rank order of lines was not changed, however. The general conclusion is that 
the cause(s) of genetic variation in fatness is metabolic. Although food intake is 
involved, its role is secondary. 
Understanding the differences in metabolic and behavioural components 
of maintenance requirement is also important in identifying the bases of genetic 
variation in metabolic efficiency. The main sources of genetic differences in 
metabolic rate are basal metabolism, heat production due to involuntary and 
voluntary movements, and probably that associated with food ingestion. 
Studies reported in chapter 5 which describe correlated responses in 
metabolic rate to A and M selection criteria provide experimental evidence of 
genetic variation in metabolic rate in mice. The results in the M line, in particular, 
show that variation in this trait is independent of body size. These lines provide 
more direct evidence than the A lines, of genetic variation in maintenance 
requirements, for they have been selected indirectly for and against increase in 
metabolic rate using food intake adjusted for body weight changes in adult mice. 
As was mentioned in Chapter 2 and subsequently in this thesis, the covariation 
between metabolic rate, lean mass and food intake gives a first impression that 
selection for either metabolic rate or food intake will produce inefficient animals. 
The correlated response in efficiency in the M lines, however, indicates that 
efficiency may not deteriorate as such. In fact the mice selected for increase in 
food intake are slightly more efficient in terms of weight gain per weight of food 
intake than those selected for decrease in food intake in relation to body weight 
between 8 and 10 weeks of age; i.e. the age at selection (I. Hastings, personal 
communication). This is because food energy is partitioned more towards lean 
mass in the mice selected in the upward direction (refer to chapter 6) - a more 
efficient utilization of food. 
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The findings of genetic differences in physical activity in the direction of 
selection for food intake in both young and adult mice also offer additional 
information on the understanding of the genetics of food intake, metabolic rate 
and lean growth. Because heat production due to activity is a component of 
maintenance requirements, the mice selected for an increase in food intake but 
with minimum changes in body weight tend to have evolved strategies to meet 
the energetic demands of the selection criteria. In addition to having higher lean 
mass and, therefore, metabolic rate, increased levels of physical activity are 
utilized to expend the excess energy intake rather than to produce body mass. 
Although increased energy expenditure affects efficiency, the partitioning of food 
energy away from fat deposition is achieved. The effect of physical activity is 
particularly relevant in range animals, especially beef cattle and sheep. One other 
previous study in mice selected for large and small body size also indicated that 
the larger mice are more active than the small mice (Fowler, 1962). It is most 
probable that physical activity is genetically correlated with food intake and 
therefore, growth. 
The observations of differences in food wastage between the M line mice 
indicate the role of other factors (of genetic origin) other than body weight, lean 
mass and/or metabolic rate in the differences in food utilization. Food wastage is 
an economically important trait in farm animals, as it affects the efficiency of the 
whole production system. Evidence of genetic variation in food wastage found in 
the present study in mice was also found in chickens (Hurnich et al, 1973; Heil 
and Hartman, 1980) and suggests that genetic improvement in this trait is 
possible. Heil and Hartman (1973) found a heritability coefficient of 0.13 in laying 
hens. Another indicator trait of efficiency is residual food consumption (RFC) 
(Luiting and Urff, 1987). Luiting and Urif reported a heritability coefficient for RFC 
of 0.40 and a genetic correlation of 0.41 between RFC and food intake. Previous 
studies in beef cattle reported a heritability coefficient of 0.28 for residual food 
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intake (Koch et at, 1963). 
In summary, these findings imply that these other sources of variation 
which are correlated with food intake are important and need to be taken into 
account in the interpretation of the M line data. 
7.2. Implications of practical significance and conclusions 
Results in mice are often similar to those in poultry and farm livestock. 
For example, Asante (1988) found that the basic biochemical pathway of fat 
synthesis has been altered in a similar way in both broiler chickens and mice 
selected for high and low fat content. Taking into account the basic metabolic 
differences between the mouse and larger mammals, results in mice can also 
serve as indicators of the nature of results to be expected in farm livestock. 
The differences between mice selected for total lean mass and those 
selected for fat content show the effect of genetic differences in the partitioning 
of energy in excess of maintenance requirement between lean and fat gain. It is 
widely accepted that the current genotypes of fast growing broiler chickens have 
high carcass fat. On the other hand, selection for lean content in pigs has resulted 
in pigs with reduced appetite. An 'optimum' fat content (both physiologically and 
nutritionally) appears to have been attained in the present pig genotypes (Webb, 
1989). Some levels of intramuscular fat is necessary for the organoleptic 
properties of the meat. Wood (1989) pointed out that selection schemes which 
reduce carcass fatness yet increase appetite are preferable to those which 
depress appetite as far as meat quality is concerned. This is because 'safe' 
increases in appetite ensures the deposition of intramuscular fat necessary for 
meat quality. Current practises in pig production systems in Britain reflects the 
progressive increase in the proportion of herds that feed ad fib/turn or to-appetite 
associated with a similar decline in the proportion of herds practising restricted 
feeding regimes (Riley, 1989). The results in mice selected for lean growth offer 
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some indication of the possible response to selection for lean growth rate in farm 
animals. They indicate that selection for lean growth rate on ad fib feeding can 
lead to improved lean growth rate with lower carcass fat content than when 
selection is practised for absolute growth. Preliminary results from an on-going 
pig selection experiment in Britain (see Webb and Curran, 1986), however, show 
that although selection for lean growth rate on ad fib/turn feeding does increase 
average daily gain and food conversion efficiency associated with reduced back 
fat, voluntary food intake is reduced (Geoffrey Lee, Personal Communication). 
Food intake may increase again as selection progresses, however, mainly through 
increase in maintenance energy cost of a larger lean mass. 
Other possible methods of controlling the partitioning of food energy 
more towards lean growth with minimal effects on food intake have been 
proposed. These approaches may inevitably increase metabolic rate, however, 
although overall efficiency may be increased. The use of pharmacological 
(repartitioning) agents such as beta-agonists have been suggested by several 
workers (e.g Daryimple et al., 1984; Hanrahan, 1989). There is also an increasing 
interest in the development of techniques to produce and incorporate into the 
animal's genome recombinant-DNA sequences identified to have significant 
effects on growth rate and body composition. The production of heavier and 
leaner animals would most likely be accompanied by increased metabolic rate and 
increased demand for food intake to meet these requirements, however. A 
thorough understanding of the physiological processes underlying the 
relationships between these traits, in terms of both genetic and phenotypic 
relationships, would enhance success in optimizing the rate and efficiency of lean 
meat growth in farm animals. The results of studies with mice reported here add 
confidence on available evidence of close associations between lean mass, 
metabolic rate and food intake, with metabolic rate being related to lean mass and 
food intake as well as as to body size. There is also possibility for further 
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improvement in lean growth rate by increasing food intake in populations selected 
for lean growth rate. Selection for lean growth rate on an ad I/b/turn feeding 
regime would, therefore, be a suitable approach for improvement of efficiency and 
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